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ABSTRACT 
NUMERICAL MODELING OF DEFORMATION WITHIN RESTRAINING 
BENDS AND THE IMPLICATIONS FOR THE SEISMIC HAZARD OF THE SAN 
GORGONIO PASS REGION, SOUTHERN CALIFORNIA 
 
SEPTEMBER 2019 
 
JENNIFER L. HATCH, B.S., UNIVERSITY OF HAWAII MANOA 
 
M.S., UNIVERSITY OF TEXAS ARLINGTON 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Michele L. Cooke 
 
 
Assessment of seismic hazards in southern California may be improved with more 
accurate characterization of active geometry, stress state, and slip rates along the active 
San Andreas fault strands within the San Gorgonio Pass region. For example, on-going 
debate centers on the activity and geometry of the Mill Creek and Mission Creek strands. 
Calculated misfits of model slip rates to geologic slip rates for six alternative active fault 
configuration models through the San Gorgonio Pass reveal two best-fitting models, both 
of which fit many but not all available geologic slip rates. Disagreement between the 
model and geologic slip rates indicate where the model fault geometry is kinematically 
incompatible with the interpreted geologic slip rate, suggesting that our current 
knowledge of the fault configuration and/or slip rates may be inaccurate. 
Focal mechanism of microseismicity can estimate stress state; however, within 
the San Bernardino basin, some focal mechanisms show slip that is inconsistent with the 
interseismic strike-slip loading of the region. We show that deep creep along the nearby 
northern San Jacinto fault can account for this discrepancy. Consequently, if local 
stresses are estimated using these focal mechanisms, the resulting information about fault 
vii 
loading may be inaccurate. We also use another way to estimate the present-day, by 
calculating evolved fault tractions along a portion of the San Andreas fault using the time 
since last earthquake, fault stressing rates (which account for fault interaction), and co-
seismic models of the impact of recent nearby earthquakes. Because this method 
considers the loading history of each fault, the evolved tractions differ significantly from 
the resolved regional tractions and can provide more accurate initial conditions for 
dynamic rupture models within regions of complex fault geometry.  
Numerical models of restraining bends in a viscoelastic material have 
implications for how we model the Earth’s crust. Deforming the model at faster velocities 
decreases the amount of visco-relaxation, allowing the model to behave more elastically. 
Viscoelastic models allow for velocity-dependent deformation, which could improve our 
understanding of crustal deformation, especially within complex fault systems. 
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PREFACE 
Chapter 1 
 Chapter one has been published in the Seismotectonics of the San Andreas fault in 
the San Gorgonio Pass region special issue of the Geologic Society of America’s 
Geosphere (2018) with coauthors Michele Cooke and Scott Marshall. This manuscript 
aims to determine the active fault configuration of the San Andreas fault through the San 
Gorgonio Pass. We investigate six plausible active fault configurations through the San 
Gorgonio Pass region of southern California. This chapter concludes with two preferred 
fault configurations, which we cannot further delineate due to lack of geological 
observations on the northern pathway through the San Gorgonio Pass. However, our 
models can be used to determine locations for future geophysical investigations. An 
analysis of the potential rupture area indicates that the active fault configuration may not 
significantly impact the size of a rupture through the region. 
 
Chapter 2 
 This chapter investigates the compatibility of interpreted subsurface fault 
geometry and slip rates from geologic investigations within the San Gorgonio Pass of 
southern California. How reliable are interpretations of active subsurface fault geometries 
and geologic slip rates? What if geologically determined slip rates are incompatible with 
interpreted fault geometries? Where slip rates are incompatible with fault geometry, 
deformation cannot be efficiently accommodated as fault slip and is accommodated as 
off-fault deformation. This chapter assesses the interpreted fault geometry and geologic 
slip rates to highlight regions of incompatibility that would benefit from further 
ix 
geophysical investigations. Regions of incompatibility are the Indio Hills region, the area 
around the Mission Creek Alluvial Complex, and to a lesser degree, the Cajon Pass 
region. This project will likely result in publication. 
 
Chapter 3 
 Chapter three has been published in Geophysical Research Letters (2018), with 
Michele Cooke as the lead author. We use crustal deformation models to investigate 
enigmatic microseismic events in the San Bernardino basin, southern California. These 
enigmatic earthquakes have normal slip sense, which is inconsistent with the interseismic 
strike-slip loading of the region. We investigate the impact of different locking depths of 
the San Jacinto fault to show that these enigmatic normal slip events may be due to deep 
creep along the northern San Jacinto fault. Due to the close proximity of the San Jacinto 
and San Andreas faults, inversions of geodetic data cannot distinguish the locking depths 
for these two faults. We argue that these events may provide inaccurate information about 
fault loading and should not be included in stress inversions from the seismic catalog. 
 
Chapter 4 
 Chapter four has been submitted for publication to the Seismotectonics of the San 
Andreas fault in the San Gorgonio Pass region special issue of the Geologic Society of 
America’s Geosphere, and it is a collaboration between the University of Massachusetts 
Amherst (Michele Cooke and Aviel Stern) and the University of California Riverside 
(Roby Douilly and David Oglesby). No changes were made here to the submitted 
manuscript. We focus on a new methodology for estimating the stress state of faults, 
x 
which is critical for forecasting seismic hazard. While many dynamic rupture modelers 
resolve the regional stress tensor onto faults of interest, we evolve fault tractions by 
considering the time since last earthquake, interseismic fault stressing rates (which 
accounts for fault interaction), and the impact of recent nearby earthquakes. The resulting 
estimates of shear tractions are significantly different from the resolved regional tractions 
and may produce a more accurate estimate of the current stress state for dynamic models 
of future earthquakes. Additionally, an analysis of the time needed to accumulate shear 
tractions that exceed a typical earthquake stress drop of 3 MPa shows some faults in the 
San Gorgonio Pass region already exceed 3 MPa and may be near failure. 
 
Chapter 5 
 Chapter five investigates the impact of loading rate on the spatial and temporal 
deformation around strike-slip faults with a restraining bend hosted within bi-viscous 
material. This project is motivated by physical experiments in the University of 
Massachusetts Amherst Geomechanics claybox (Cooke et al.,2013; Hatem 2015). While 
the physical experiments show the evolution and distribution of incremental 
displacements and strain, the stresses within the clay cannot currently be monitored. We 
use finite element method models to simulate a restraining bend in a Burger’s material 
that approximates the rheology of the wet kaolin clay, providing further insight into the 
mechanics of deformation within the claybox. Models with faster loading rates are 
kinematically more efficient, producing less off-fault deformation and more fault slip 
than the slower loading rate models. However, an assessment of the external work of the 
numerical models indicates that while the faster loading rate models are more 
xi 
kinematically efficient, they are less mechanically efficient because they consume greater 
work to deform the system. This project will likely result in publication. 
xii 
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CHAPTER 1 
 
SENSITIVITY OF DEFORMATION TO ACTIVITY ALONG THE MILL 
CREEK AND MISSION CREEK STRANDS OF THE SOUTHERN SAN 
ANDREAS FAULT 
1.1 Abstract 
Assessment of seismic hazards in southern California may be improved with more 
accurate characterization of the active San Andreas fault strands within the San Gorgonio 
Pass region. On-going debate centers on the activity and geometry of the Mill Creek and 
Mission Creek strands. Here, we investigate crustal deformation models with six 
geologically plausible geometries of the Mill Creek and Mission Creek strands. Model 
results suggest that differences in active fault geometry along the San Andreas fault 
impact slip rates along the San Jacinto fault by up to 3 mm/yr. Each model fits many but 
none fits all of the available geologic strike-slip rates. The calculated misfits to the 
geologic strike-slip rates reveal two best-fitting models: the Inactive Mill Creek model 
and the West Mill Creek model, which incorporates active portions of the Mill Creek, 
Mission Creek and Galena Peak strands, consistent with recent studies. The cumulative 
strike-slip rates across faults of the two best-fitting models differ from each other by ~5 
mm/yr, suggesting that fault slip rates do not always sum to the plate rate. Consequently, 
kinematic slip budgets should consider off-fault deformation. The two best-fitting models 
produce uplift patterns with significant differences in the hanging walls of dipping faults. 
New uplift rate data in these regions and additional geologic slip rates along the northern 
fault strands could further support plausible interpretations of active fault configuration. 
  2 
An assessment of the seismic hazard of the region indicates the potential for a rupture 
through the San Gorgonio Pass region with Mw ~7.8.  
1.2 Introduction 
Within the San Gorgonio Pass region (SGPr), the San Andreas fault forms a 
restraining stepover characterized by complex active faulting along multiple strands. 
Within this region (Figure 1.1), the San Andreas fault consists of several non-vertical 
segments (e.g. San Gorgonio Pass Fault Zone, Garnet Hill, and Banning strands) [e.g. 
Matti et al., 1992; Yule, 2009]. Dynamic rupture models suggest that restraining bends 
may serve as a structural barrier to earthquake rupture propagation [Kase and Kuge, 
2001; Oglesby, 2005; Tarnowski, 2017. Since the start of continual recording of seismic 
events, the San Andreas Fault south of Cajon Pass has had fewer earthquakes than 
smaller nearby faults [e.g. Yang et al., 2012], and consequently, the geometry and 
activity of fault strands through the northern SGPr remains poorly constrained. 
On-going debate centers on the relative activity of the Mill Creek and Mission 
Creek strands, which provide a northern path for rupture through the SGPr (Figure 1.1). 
Several studies have pointed out that unruptured colluvial and debris fan sediments across 
the Mill Creek strand at Upper Raywood Flat (site 5 in Figure 1.1) limit recent surface 
breaching rupture activity [Matti et al., 1992; Kendrick et al., 2015]. To the west of 
Upper Raywood Flat, Kendrick et al. [2015] used reconstructed drainage segments across 
the Mill and Mission Creek strands (site 6 in Figure 1.1) and luminescence dating of 
alluvial surfaces to reveal that the slip on both northern strands discontinued at ~ 100 ka. 
However, another study along the southern portion of the Mission Creek strand (site 10 in 
Figure 1.1), only 60 km from Upper Raywood Flat, reveals fast strike-slip rates (17-24 
  3 
mm/yr) within the past ~70,000 years, supporting the interpretation of recent activity 
along the northern strands through the SGPr [Blisniuk et al., 2012]. Furthermore, slow 
dextral slip rates on the Banning strand (sites 8 and 9, located in the southern strands of 
Figure 1.1) suggest that greater slip may pass through other strands, such as the northern 
strands or the Garnet Hill strand [Gold et al., 2015]. Morelan et al. [pers. communication] 
document fault scarps that demonstrate recent activity along the Galena Peak strand, 
which may provide a path for slip to bypass the Upper Raywood Flat section of the Mill 
Creek strand. The disagreement between different geologic interpretations highlights the 
need to improve understanding of the kinematics of slip transport along the many strands 
of the San Andreas fault through the San Gorgonio Pass region.  
In this study, we use three-dimensional Boundary Element Method models that 
simulate deformation over many earthquake cycles to investigate six geologically-
plausible fault configurations through the SGPr to better understand the impact of 
differing fault geometries on slip distributions in the region (Figure 1.2). We compare 
slip rates from the models to geologic slip rate data in order to distinguish between the 
alternative active fault configurations. The results highlight regions where additional 
uplift and slip rate constraints could be used to delineate between plausible fault 
geometries of the San Andreas fault through the SGPr. 
1.3 Geometry and Quaternary Slip Rates on the San Andreas and San Jacinto 
Faults 
1.3.1 San Andreas Fault 
The southern San Andreas fault forms a left-stepping restraining bend at the San 
Bernardino mountains with several geometrically complex fault segments and strands 
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within the SGPr [Matti et al., 1983; Matti et al., 1985; Fig. 1.1]. Like laboratory and other 
crustal restraining bends [e.g. Cooke et al., 2013; Elliott et al., 2018], dextral slip rates are 
greatest along the San Andreas fault outside of the San Gorgonio Pass and decrease 
within the restraining bend [Cooke and Dair, 2011; McGill et al., 2015]. Here, we 
describe the segments and strands of the San Andreas fault from northwest to southeast 
through the SGPr and when applicable we reference the slip rate site number in Figure 
1.1. Dextral slip rate estimates along the subvertical San Bernardino segment decrease 
southeastward from 24.5 mm/yr in Cajon Pass [site 1; Weldon and Sieh, 1985] to 11-17 
mm/yr at Badger Canyon [site 2; McGill et al., 2010] and 6.8-16.3 mm/yr at Plunge 
Creek [site 3; McGill et al., 2013], to 4-12 mm/yr at the southeastern tip [site 4; Orozco, 
2004] (Figure 1.1 and Table 1.1). 
The southern pathway of the San Andreas fault within the SGPr consists of the 
San Gorgonio Pass Fault zone, Garnet Hill strand, and Banning strand (Figure 1.1). The 
San Gorgonio Pass Fault zone is a north-dipping thrust fault with a corrugated geometry 
at the Earth’s surface [Matti et al., 1985; Matti et al., 1992; Matti et al., 1993; Yule and 
Sieh, 2003]. Although the western end of the San Gorgonio Pass Fault zone does not 
connect to the active trace of the San Bernardino segment at the Earth’s surface, they 
likely connect in the subsurface [Yule and Sieh, 2003]. The San Gorgonio Pass Fault 
zone has a reverse slip rate of >2.5 mm/yr at Millard Canyon [Yule and Sieh, 2003], and 
a dextral oblique slip rate of 5.7 ± 1.5
2.7
 mm/yr [site 7; Heermance et al., 2017]. The eastern 
end of the fault zone appears to connect to the Garnet Hill and Banning strands of the San 
Andreas fault. The north-dipping Garnet Hill and Banning strands are approximately 
parallel in strike and have a variety of subsurface interpretations [Yule and Sieh, 2003; 
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Plesch et al., 2007; Fuis et al., 2017; Nicholson et al., 2017]. For this study, we represent 
the faults with a sub-vertical Banning strand that is only active in the hanging wall of the 
Garnet Hill strand. The Banning strand has 3.9-4.9 mm/yr dextral slip at its western end 
near Whitewater Canyon [site 8; Gold et al., 2015] and 2-6 mm/yr near its junction with 
the Mission Creek strand of the San Andreas fault [site 9; Scharer et al., 2015].  
The northern pathway of the San Andreas fault through the SGPr consists of the 
Mill Creek, Galena Peak, and Mission Creek strands (Figure 1.1). Together, the Mill 
Creek and Mission Creek strands provide a continuous fault structure north of the San 
Gorgonio Pass but at finer scale, the complex surface expression of the two strands, 
including branches etc…, reflects their distinct activity histories [e.g. Matti et al., 1992; 
Kendrick et al., 2015]. The Mill Creek strand has evidence of no recent slip at Upper 
Raywood Flat [site 5; Kendrick et al., 2015]. The Mission Creek alluvial complex 
suggests that neither the Mission Creek nor Mill Creek faults have slipped at this location 
over the last 100 ka [site 6; Kendrick et al., 2015]. In contrast, a dextral slip rate of 10-14 
mm/yr on the Mission Creek strand in the Indio Hills [site 11; Munoz et al., 2016] and a 
high dextral slip rate of 17-24 mm/yr on the Mission Creek strand near Pushawalla 
Canyon [site 10; Blisniuk et al., 2012] support an active northern pathway for slip 
through the SGPr via the Mill Creek strand. The sub-vertical Galena Peak strand 
[Dibblee, 1964; Dibblee, 1967; Matti et al., 1983; Matti et al., 1985; Kendrick et al., 
2015] is located between the Mill Creek strand and western segment of the Mission 
Creek strand (Figure 1.1). Evidence of recent slip along the Galena Peak strand may 
indicate that this strand acts as an alternative slip pathway that bypasses the site of Upper 
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Raywood Flat on the Mill Creek strand [Dibblee, 1964; Dibblee, 1967; Matti et al., 1983; 
Matti et al., 1985; Kendrick et al., 2015; Morelan, pers. communication]. 
The Banning and Mission Creek strands merge into the Coachella segment of the 
San Andreas fault just south of the Indio Hills (Figure 1.1). The northeast-dipping 
Coachella segment [e.g. Lin et al., 2007; Fattaruso et al., 2014; Fuis et al., 2017] 
continues to the eastern shore of the Salton Sea. Just south of the junction with the 
Banning and Mission Creek strands, an offset alluvial fan at Biskra Palms provide a 
dextral slip rate for the Coachella segment of 12-22 mm/yr with a preferred range of 14-
17 mm/yr [site 12; Behr et al., 2010]. 
1.3.2 San Jacinto Fault 
From the Cajon Pass southward, the San Jacinto fault is composed of a series of 
strike-slip segments. The northernmost San Jacinto Valley segment has a dextral slip rate 
12.8-18.3 mm/yr dextral slip for the past 1500-2000 years in the north San Timoteo 
Badlands where the fault is called the Claremont Fault [site 13; Onderdonk et al., 2015], 
northeast of the releasing stepover that forms the transition from the San Jacinto Valley 
segment to the Anza segment. Dextral slip rate of >20 mm/yr has been inferred from off-
fault deformation in the San Timoteo Badlands [Kendrick et al. 2002]; however, because 
the deformation of dated surfaces within a restraining bend is not a direct measurement of 
fault slip, we do not use this rate in the following analyses. The Anza segment has dextral 
slip rates of 12.1 ± 2.6
3.4 mm/yr [site 14; Blisniuk et al., 2013], which has been refined from 
previous estimates by Sharp [1981] and Rockwell et al. [1990]. Dextral slip rates along 
the Clark segment decrease from 8.9 ± 2 mm/yr in the north to 1.5 ± 0.4 mm/yr in the 
south [sites 15 and 16; Blisniuk et al., 2010], where this segment forms a releasing 
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stepover with the Coyote Creek segment. The Coyote Creek segment has slip rates of 
4.1 ± 1.7
1.9 mm/yr in the north [site 17; Janecke et al., 2010] and 2.8-5 mm/yr in the south 
near its termination [site 18; Sharp, 1981]. 
1.4 Methods 
The six active fault configurations modeled here (Figure 1.2) investigate 
alternative slip pathways through the SGPr via the northern fault strands. The first two 
models investigate the deformation with and without an active vertical Mill Creek strand, 
while the other four models provide alternative slip pathways north of the San Gorgonio 
Pass.  These four alternative fault configurations explore potential variations in active 
fault dip and connectivity that may allow for dextral slip to bypass Upper Raywood Flat, 
site 5, where no evidence of recent slip is observed [Kendrick et al., 2015].  However, 
slip along the alternative northern pathways might not honor the evidence of no recent 
slip through the Mission Creek alluvial complex, site 6, [Kendrick et al., 2015]. 
While a location needs to meet a specific set of geologic conditions for a slip rate 
estimate to be possible, numerical models can be queried at any location, providing 
additional information where we currently have no geologic constraints. We use Poly3D, 
a quasi-static, three-dimensional Boundary Element Method code, to simulate 
deformation along the southern San Andreas Fault system. Poly3D solves the relevant 
equations of continuum mechanics to calculate stresses and displacements throughout the 
model [e.g. Crouch and Starfield, 1990; Thomas, 1993]. In models presented here, faults 
are discretized into triangular elements of constant slip (no opening/closing is permitted) 
within a linear-elastic and otherwise homogeneous half-space. Triangular elements can 
more accurately replicate the branching and curving fault surfaces than rectangular 
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elements. Average element size along faults within the SGPr is ~4 km, allowing for fault 
irregularities as small as ~10 km to be captured. Our models simulate the active fault 
geometry of the southern San Andreas fault, the San Jacinto fault, and the Eastern 
California Shear Zone based on the Southern California Earthquake Center’s Community 
Fault Model (CFM) version 4.0, which is compiled from geologic mapping, seismicity, 
and geophysical data [Plesch et al., 2007]. All the faults of interest in our models, with 
the exception of the Galena Peak strand, are included in the CFM v4.0 as a simplified 
representation of the more complex geologic structures. Modifications to the CFM fault 
geometries improve the match to geologic slip rates in the SGPr [Cooke and Dair, 2011; 
Herbert and Cooke, 2012] and Eastern California Shear Zone [Herbert et al., 2014b], as 
well as match to uplift patterns within the San Bernardino Mountains [Cooke and Dair, 
2011] and Coachella Valley [Fattaruso et al., 2014]. The model extends from the Salton 
Sea in the south to north of the intersection of the San Andreas fault with the Garlock 
fault (see Figure S1 for a map of the all modeled faults). Faults of the CFM are only 
defined to the base of the seismogenic crust (10-15 km). To avoid artifacts that would 
develop if long-term slip rates were to go to zero at the depth extent of the CFM-defined 
faults, we extend the faults in the model down to a freely slipping, horizontal basal crack 
at 35 km depth that simulates distributed deformation below the seismogenic zone 
[Marshall et al., 2009]. The shear traction-free faults throughout the model slip freely in 
response to both the tectonic loading and fault interaction (Figure 1.3). Zero shear 
traction along the faults simulates the low dynamic strength of faults during rupture [e.g. 
Di Toro et al., 2006; Goldsby and Tullis, 2011], when most of the deformation 
accumulates. Any faults incorporated within the model will have some component of 
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resolved shear stress, and therefore will accrue slip. Consequently, to make a fault 
inactive, we exclude it from the model. The six different fault configurations modeled 
test different interpretations of active and inactive fault segments by including or 
excluding specific segments. Because the fault geometry exerts a first-order control on 
the deformation patterns across many earthquake cycles [e.g. Dawers and Anders, 1995; 
Herbert et al., 2014b], we do not consider the impact of heterogeneous and/or anisotropic 
rock properties within the southern San Andreas fault system.  
Tectonic loading is prescribed far from the investigated faults at the base of the 
model. We follow Herbert and Cooke [2012] and simulate plate motions that are 
geodetically constrained to be 45-50 mm/yr at 320°-325° [e.g. DeMets et al., 2010]. 
Faults that extend outside our model area (San Andreas and San Jacinto faults, and 
Cucamonga/Sierra Madre system) are driven by applying slip rates to edge patches of the 
faults. These edge patches are required to prevent these regional faults from having slip 
rates arbitrarily slow to zero at the edge of the model. At the northwestern edge of the 
model, we apply 35 mm/yr dextral slip to the central segment of the San Andreas fault 
[Weldon and Sieh, 1985], and at the southeastern edge of the model, we apply 25 mm/yr 
dextral slip to the San Andreas fault and 10 mm/yr dextral slip to the San Jacinto fault 
[e.g. Sharp, 1981; Becker et al., 2005; Fay and Humphreys, 2005; Meade and Hager, 
2005]. Redistributing the applied dextral slip to the San Andreas and San Jacinto faults at 
the southeastern edge of the model, such that the two faults have equal slip rates, 
produces changes in slip rate of < 1 mm/yr along the San Andreas fault within the SGPr 
[Fattaruso et al., 2014]. Therefore, variations in partitioning of slip rates between the San 
Andreas and San Jacinto faults at the southern edge of the model do not significantly 
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impact slip rates of faults within the SGPr, which are largely controlled by local fault 
geometry [Fattaruso et al., 2014]. We apply 5 mm/yr reverse slip to the edge of the 
Cucamonga fault [Morton and Matti, 1987] in order to account for deformation along the 
Cucamonga-Sierra Madre fault system. Because these various applied fault slip rates are 
all far from our region of interest, the local geometry of the faults, rather than the distally 
prescribed slip rate, controls the distribution of slip along the modeled faults within the 
SGPr. Furthermore, any changes to the applied slip rates at the modeling boundaries 
would impact all models equally and would not alter the relative misfit of the models to 
the geologic data. 
1.4.1 Refining the Tectonic Loading 
Previous Boundary Element Method models of the region estimated tectonic 
velocities around the edges of the model using blocks of elements each with uniform 
velocity, separated by discrete steps [e.g. Herbert et al., 2014a&b; Fattaruso et al., 2014]. 
In this study, we replace the stepwise model edge velocities with linear velocity gradients 
along the northwest and southeast edges of the model. Another refinement of this study 
improves the accuracy of the applied velocity. The basal crack in the Poly3D model is 
embedded within a half-space that separates the region we are interested in (i.e. above the 
basal crack) from the rest of the half-space. Because Poly3D allows the user to prescribe 
the slip rate across a fault element, but not how displacement rates are distributed on both 
sides of a fault element, we cannot directly prescribe the tectonic velocity on the top side 
of the basal crack.  In previous studies, we approximated the desired velocities, resulting 
in local velocity variations occasionally exceeding 5 mm/yr. To improve upon previous 
approaches, we follow Stern [2016] and implement an iterative technique that refines the 
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applied slip rate over successive iterations to ensure a uniform tectonic velocity parallel 
to the plate boundary (sides labeled I on Figure 1.3), and a linear gradient in the tectonic 
loading across the plate boundary (sides labeled II on Figure 1.3). The iterative approach 
begins with a first estimate for tectonic loading via prescribed slip rates along the 
boundaries of the model that follows the approach of previous models. The output 
velocities from the top side of the basal crack in this first iteration are then used to 
calculate a correction ratio used to adjust the slip rate applied to each element along the 
outer ring of the model base (Figure 1.3). We refine the applied slip rate iteratively until 
we obtain the desired velocity distribution along the top sides of elements along the 
model boundaries. Three iterations successfully converge the boundary velocities to 
within ~1% of the desired tectonic loading (Figure S.1.2). 
1.4.2 Assessment of Model Fit to Geologic Slip Rate Data 
To assess the match of strike-slip rates produced by the models to geologic strike-
slip rates at sites along the San Andreas and San Jacinto faults (Figure 1.1), we calculate 
for each site investigated the misfits of the model slip rate extracted from equivalent 
location of the site to the preferred geologic strike-slip rates using the Mean Absolute 
Error (Equation 1.1). We use the mean absolute error (MAE), rather than root-mean-
square error (RMSE), to assess the model fit because RMSE emphasizes the outliers and 
overestimates the average model error [Willmott et al., 2017]. 
𝑀𝐴𝐸 =  
1
𝑛
 ∑ |𝑚𝑖 −  𝑔𝑖|
𝑛
𝑖=1       Equation 1.1 
A range of geologic strike-slip rates is often given at investigated sites. Unless the author 
of the geologic study specifies a preferred strike-slip rate, the mean rate is used for the 
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misfit calculations. For each investigated slip rate site from Figure 1.1 (i), the 
geologically interpreted strike-slip rate (𝑔𝑖) is compared to the mean modeled strike-slip 
rate at the equivalent site location from the four tectonic loadings applied (𝑚𝑖). In 
addition to total misfit to preferred slip rates, we also calculate a permissible misfit that 
excludes from the misfit sum sites where the model range of slip rates overlaps the 
geologic range. Slip rate overlap suggests that the model slip rates at these sites are 
permissible with the geologic data; consequently, these sites do not contribute to the 
permissible misfit. For sites where the model and geologic slip rate ranges do not overlap, 
the permissible misfit for each site is calculated from the underlap between the slip rate 
ranges. 
1.4.3 Uplift Patterns 
We investigate uplift of a horizontal grid of observation points along the top of 
the modeled half space. We adjust the resulting surface uplift rates to account for isostasy 
using a crustal flexure model following Cooke and Dair [2011], Fattaruso et al. [2014], 
and Fattaruso et al. [2016]. This isostatic correction generally reduces the amplitude and 
increases the wavelength of the uplift patterns. We use a mantle density of 3350 kg/m3 
[Christensen and Mooney, 1995], crustal density of 2700 kg/m3, and a flexural rigidity of 
the crust of 2 x 1023 Pa 
.
 m3 for our correction. We also subtract the mean uplift rate of 
the grid from the pattern to produce the relative uplift pattern. 
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1.5. Results for Five Alternative Fault Configurations 
1.5.1 Dextral Slip Rates 
Each of the six modeled fault configurations produce dextral slip rates that are 
within the range of geologic slip rates at some, but not all, sites (Figure 1.4 and Table 
1.2). Ranges in geologic and model slip rates for each site are plotted as ellipses with the 
assumption that the mean geologic and model slip rates are the preferred slip rates. 
Ranges in model slip rates arise from the range in tectonic loading applied to the models. 
Wider ellipses represent sites with a larger range in geologic strike-slip rates, and taller 
ellipses occur at sites where the model strike-slip rates are more sensitive to changing 
tectonic loading. Both the total misfits to preferred slip rates and the permissible misfits 
(Table 1.2) show that the Inactive Mill Creek model provides the best match to the 
geologic strike-slip rates from sites along the San Andreas and San Jacinto faults (Figure 
1.4). The Inactive Mill Creek model produces a total dextral slip rate misfit >0.8 mm/yr 
lower than the misfits of four of the active Mill Creek models but only 0.5 mm/yr lower 
than that of the West Mill Creek model. The misfits show that the Inactive Mill Creek and 
West Mill Creek models provide better misfits to both the preferred geologic slip rates 
and also to the range of permissible geologic slip rates (Table 1.2). 
The lower dextral slip rates inside the restraining bend mean that mismatched 
sites within the bend contribute less to the total calculated misfits than the sites outside of 
the restraining bend. Strike-slip rates at sites along the San Bernardino segment of the 
San Andreas fault, especially near the intersection with the Mill Creek strand, are highly 
sensitive to the active fault configuration of the northern strands through the SGPr 
(Figure 1.4a). Sites 2 and 3 (Badger Canyon and Plunge Creek, respectively) flank the 
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intersection of the San Bernardino segment with the Mill Creek strand. The Inactive Mill 
Creek and West Mill Creek models better match the geologic strike-slip rates at Badger 
Canyon (site 2), whereas the other models better match strike-slip rates at Plunge Creek 
(site 3). The models that include greater dextral slip along the northern pathway have 
lower slip rates along the San Bernardino segment south of its intersection with the Mill 
Creek strand, which better matches the mean slip rate at Badger Canyon (site 2) from 
McGill et al. [2010]. Consequently, none of the models tested match well slip rates at 
both the Badger Canyon and Plunge Creek sites. Similarly, sites 10 and 11 (Pushawalla 
Canyon and Three Palms, respectively) also highlight the difficulty in determining an 
active fault configuration that honors all of the available geologic strike-slip rates. These 
two sites are only a few kilometers apart, yet have non-overlapping slip rate ranges. Both 
the Inactive Mill Creek and West Mill Creek models produce the best matches of the six 
models to the geologic strike-slip rates at Three Palms but produce the worst fits to the 
slip rates at Pushawalla Canyon. The two models slightly overestimate the geologic slip 
rates at Three Palms and underestimate the geologic slip rates at Pushawalla Canyon.  
Dextral slip rates at Upper Raywood Flat along the Mill Creek strand of the San 
Andreas fault (site 5) vary by ~13 mm/yr among the models (Figure 1.4c). Activity along 
this portion of the Mill Creek strand is more sensitive to the alternative active fault 
configuration in the SGPr than the other investigated sites. The Inactive Mill Creek and 
West Mill Creek models are the only models that honor the observation of no recent slip 
at site 5 [Kendrick et al., 2015]. Incorporating an active Mill Creek strand in the models 
results in varying amounts of strike-slip at site 5. Dextral slip rates at the Mission Creek 
alluvial complex (site 6) vary by ~12 mm/yr among the six models (Figure 1.4d). At this 
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site, only the Inactive Mill Creek model is consistent with no recent slip at site 6 
[Kendrick et al., 2015]. 
The total calculated misfits for sites along the San Jacinto fault (Figure 1.4b and 
Table 1.2) are smaller than misfits calculated along the San Andreas fault. While the 
models match well the geologic dextral slip rates at only 1-2 sites along the San Jacinto 
fault, all models underestimate by > 2 mm/yr the slip rate at San Timoteo Badlands (site 
13). The variation in slip rates among the models indicates that the activity along the San 
Jacinto fault responds to changes in fault geometry along the San Andreas fault. While 
none of the models fit the geologic slip rates at a majority of investigated sites, the misfits 
show that the Inactive Mill Creek and West Mill Creek models produce better fit to the 
geologic data along both the San Andreas and San Jacinto faults than the other models. 
 The sites of geologic slip rate investigations are often separated by tens of 
kilometers from the next site. Numerical models can provide fault slip rate estimates 
along the entire surface of the fault, allowing us to investigate how slip rates may vary 
between existing geologic slip rate sites. Figure 1.5 shows the strike-slip rates along the 
fault trace (at Earth’s surface) of each strand of the San Andreas fault through the SGPr 
for the two best-fitting models, the Inactive Mill Creek model (Figure 1.5a) and the West 
Mill Creek model (Figure 1.5b). Both models overestimate slip rates at Badger Canyon 
(site 2), and underestimate slip rates at Pushawalla Canyon (site 10). Furthermore, the 
West Mill Creek model underestimates the dextral slip rate along the San Gorgonio Pass 
Fault zone at Millard Canyon (site 7). In the Inactive Mill Creek model (Figure 1.5a), the 
dextral rate along the San Bernardino segment (purple) gradually decreases to the south. 
Along the southern pathway, the Banning strand (light blue) accommodates more dextral 
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slip than both the San Gorgonio Pass Fault zone and the Garnet Hill strand. The modeled 
San Gorgonio Pass Fault zone accommodates ~1.3 mm/yr reverse slip (not shown in 
Figure 1.5), which is less than geologic observations of > 2.5 mm/yr [Yule and Sieh, 
2003]. The dextral slip rate on the active portion of the Mission Creek fault (orange) 
increases near the fault’s connection with the Coachella segment (red). 
In the West Mill Creek model (Figure 1.5b), the dextral slip rate along the San 
Bernardino segment (purple) decreases sharply northwest of Plunge Creek (site 3), where 
a portion of the dextral slip is transferred onto the modeled Mill Creek strand (green). 
This dextral slip is then transferred to the Galena Peak strand (pink) where the Mill Creek 
strand terminates. In this model, the western portion of the Mission Creek strand (orange) 
has a slow slip rate that sharply increases where the Galena Peak strand merges into the 
Mission Creek strand. To the southeast of this merger ( > 80 km from Cajon Pass), the 
Mission Creek strand takes up most of the dextral slip within this portion of the 
restraining bend. This is in contrast to the Inactive Mill Creek model where the Banning 
strand carries most of the slip at 80-110 km from the Cajon Pass. 
1.5.2 Patterns of Uplift Rates 
To gather information about the non-strike-slip deformation across the SGPr, we 
calculated uplift rates for the Inactive Mill Creek model (Figure 1.6a) and the West Mill 
Creek model under the mean applied tectonic loading (Figure 1.6b). The two models 
produce similar uplift rate patterns throughout most of the SGPr. Uplift rate is greatest in 
the San Bernardino Mountains with largest subsidence rate in the San Bernardino Basin. 
Model subsidence rates of the San Bernardino Basin from both models are consistent 
with depositional rates within the San Bernardino Basin of ~1 mm/yr [Matti and Morton, 
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1993; Wisely et al., 2010]. The model uplift patterns from the two models differ 
significantly in several key locations (labeled A-D in Figure 1.6).  
In the hanging wall of the San Gorgonio Pass Fault zone (location A on Figure 
1.6), the Inactive Mill Creek model produces a relative uplift rate of 4 mm/yr, whereas 
the West Mill Creek model produces a lower relative uplift rate of 2.5 mm/yr. The lower 
rate may be more consistent with estimates of 1 mm/yr over the past 13 k.y., determined 
from offset markers across the San Gorgonio Pass Fault zone [Yule and Sieh, 2003]. 
Furthermore, the lower uplift rate from the West Mill Creek model may indicate that local 
contraction within the restraining bend is accommodated elsewhere, potentially as slip 
along the north-dipping Mission Creek strand near Raywood Flat (location D in Figure 
1.6).  
Within the San Bernardino Mountains, Binnie et al. [2008] report a northward 
decrease in 102-104 year time-scale denudation rates from 1.5+/-3 mm/yr at Yucaipa 
Ridge, location B on Figure 1.6, to 0.4+/- 0.6 mm/yr in the San Gorgonio block north of 
location B (under San Bernardino Mtns text on Figure 1.6a). The uplift pattern from the 
Inactive Mill Creek model also shows a northward decrease in uplift rate north of 
Yucaipa ridge, but the uplift rates of ~3 mm/yr at location B exceed the denudation rates 
of Binnie et al. [2008]. The uplift rate at Yucaipa Ridge from the West Mill Creek model 
of 1.5 mm/yr matches the denudation rate of Binnie et al. [2008], but the model uplift 
pattern shows increased uplift rate to the north as the San Bernardino block rises along 
the north dipping Mission Creek fault.  Low temperature thermochronometry data from 
sites along the Yucaipa Ridge reveal uplift rates over the past 1.8 Ma [Spotila et al., 
2001]. Unfortunately, the active configuration of the southern San Andreas fault has 
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changed within this time-frame [e.g., Matti and Morton, 1993; Kendrick et al., 2015], so 
these rates don’t directly correlate to those produced by the active fault models.  
The alluvial fan between North Palm Springs and Desert Hot Springs, and the 
hanging wall of the Mission Creek strand at Raywood Flat (locations C and D, 
respectively) show significantly different uplift rate patterns between the two models, 
with the Inactive Mill Creek model producing ~2 mm/yr greater uplift rates in the alluvial 
fan than the West Mill Creek model. The dextral slip along the Mission Creek strand in 
the Inactive Mill Creek model may contribute to uplift in the alluvial fan as local 
contraction develops south of the fault’s tip where slip decreases to zero.  
In the Inactive Mill Creek model, dip slip along the San Gorgonio Pass Fault 
zone, Garnet Hill strand, and Banning strand accommodates contraction within the 
restraining bend, whereas in the West Mill Creek model, the local contraction is 
accommodated along these faults as well as along the north-dipping Mission Creek 
strand, allowing the uplift to be redistributed from just along the southern strands to both 
the southern and northern strands. While both models match some trends in the geologic 
data for recent uplift, neither of these models match well all of the geologic data for 
recent uplift. 
1.6 Discussion 
1.6.1 Preferred Models 
Our analysis of the dextral slip rates produced along the San Andreas and San 
Jacinto faults by the six alternative fault geometries results in two preferred models. The 
Inactive Mill Creek model gives the best overall fit to the geologic slip rates (Figure 1.4). 
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The sites along the San Bernardino segment, especially Badger Canyon (site 2 on Figure 
1.4), are best matched by this model. However, the absence of the Mill Creek strand of 
the San Andreas fault within this model increases the dextral slip rates along the southern 
pathway (Figure 1.1), just exceeding the range of geologic slip rates along the Banning 
strand of the San Andreas fault (Figure 1.5a). Although the Inactive Mill Creek model 
honors the observation of no slip on the Mill Creek strand near Upper Raywood Flat (site 
5) and at the Mission Creek alluvial sequence (site 6) by Kendrick et al. [2015], it 
produces slightly excessive dextral slip rates along the southern pathway through the San 
Gorgonio Pass. Relatively low dextral slip rates along the Banning strand [Gold et al., 
2015; Scharer et al., 2015], high dextral slip rates along the Mission Creek strand at 
Pushawalla Canyon by Blisniuk et al. [2012], and field studies along the northern portion 
of the Mill Creek strand [Morelan et al., pers. communication] suggest recent slip transfer 
through the SGPr via the northern pathway, indicating that the western part of the Mill 
Creek strand may be active.  
The West Mill Creek model also provides a good fit to the geologic slip rates 
(Figure 1.4) but produces 7 mm/yr dextral slip rate at site 6 in the Mission Creek alluvial 
complex (Figure 1.5b).  The Inactive Mill Creek and West Mill Creek models produce 
zero slip at site 5 within Upper Raywood Flat (Figure 1.4c) and zero slip and ~6-8 mm/yr 
dextral slip, respectively, at site 6 in the Mission Creek alluvial complex (Figure 1.4d). 
These two models produce better agreement with the observations of no slip at sites 5 and 
6 than the other four models. Although the Inactive Mill Creek model produces the 
smallest misfit to the currently available geologic strike-slip rates, the West Mill Creek 
model provides a good fit to many of the strike-slip rates while also honoring field 
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evidence of recent slip along the northern Mill Creek, western Mission Creek, and Galena 
Peak strands [Morelan et al., pers. communication]. 
The active fault configuration through the SGPr impacts the relative uplift rate 
patterns, producing model uplift patterns that are significantly different in several key 
locations (labeled A-D in Figure 1.6).  Of these locations, A, B, and D are located on 
bedrock exposures. The exhumation rate information collected from bedrock exposures 
may record uplift over longer time scales than the lifetime of the active current 
configuration of the southern San Andreas fault. Consequently, comparison of such uplift 
rates to results from models of active fault configuration may have limited use. The most 
promising site for uplift rate comparisons may be site C in the alluvial fan between North 
Palm Springs and Desert Hot Springs where young sediments are exposed. 
Unfortunately, active reworking of the alluvial fan may inhibit analysis of uplift rate in 
this region. Low hills along the trace of these faults (e.g. Garnet Hill) confirm a degree of 
local uplift consistent with both models. Additional 102-104 year time scale uplift rate 
data from any of the locations labeled in Figure 1.6 may provide additional information 
about the active subsurface fault configuration in the San Gorgonio Pass region. 
1.6.2 Additional Slip Rate Data Needed to Constrain Active Fault Geometries 
This study highlights regions where we have insufficient characterization of the 
fault geometry within the SGPr. Models approximate the active fault geometry through 
the SGPr but inevitably incorporate inaccuracies due to the lack of constraints on 
subsurface fault configuration (Figure 1.1). Additional subsurface imaging of the north 
San Gorgonio Pass could provide further constraints on the geometries of active fault 
strands [e.g. Fuis et al., 2017]. A single best-fitting geometric configuration cannot be 
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determined from the available strike-slip rates, as both preferred models match many, but 
not all geologic strike-slip rates at investigated sites. Although the Inactive Mill Creek 
model better fits the available geologic strike-slip rates, the West Mill Creek model better 
honors the evidence of recent slip along the Galena Peak and northwestern portion of the 
Mission Creek strands [Morelan et al., 2016]. The difference in model-predicted slip rates 
along most fault segments within this region is too small to be resolved by slip rate 
resolution of typical geologic investigations. However, additional geologic dextral slip 
rate estimates along the Mission Creek and Mill Creek strands within the black-boxed 
regions in the map of Figure 1.5 could potentially delineate between the two preferred 
models for slip partitioning through the SGPr. In both of these regions, the Inactive Mill 
Creek model asserts these portions of the faults inactive, while the West Mill Creek 
model predicts dextral strike-slip rates > 5 mm/yr. These locations are ideal for future slip 
rate studies because of the large difference in predicted slip rate between models. 
Furthermore, additional information about Holocene and younger uplift rates from 
locations A-D on Figure 1.6 would lend additional support for preference of one active 
fault geometry or the other. 
1.6.3 Accommodation of Slip across the Region 
The different active configuration of faults within the SGPr may affect the dextral 
slip budget of the region. Do changes in active fault configuration that produce increases 
in strike-slip rate along one fault produce commensurate decreases in strike-slip rates 
along other faults in the system?  To address this, we investigate the sensitivity of fault 
slip budget to fault geometry of the two preferred models, the Inactive Mill Creek and 
West Mill Creek models. For faults that are contiguous (the northern pathway of the San 
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Andreas fault, and the San Jacinto fault), we calculate a weighted average dextral slip 
rate. For faults with parallel strands/segments (the southern pathway of the San Andreas 
fault, and the Eastern California Shear Zone), we sum the average dextral slip rate for 
each fault. 
 The addition of the northern active strands of the San Andreas fault through the 
SGPr increases the overall strike-slip rate across all strands of the San Andreas fault. The 
total strike-slip along the southern pathway of the San Andreas fault through the pass 
(Banning and Garnet Hill strands) decreases from 10.9±5.2 mm/yr in the Inactive Mill 
Creek model to 9.1±3. mm/yr in the West Mill Creek model. However, the addition of the 
northern pathway (Mill Creek, Mission Creek, and Galena Peak strands) in the West Mill 
Creek model provides an additional 6.5 ±3.3 mm/yr of strike-slip along the San Andreas 
fault. The uncertainties reported for the mean slip rates reflect the spatial variability of 
strike-slip rates along the fault surfaces. The total accommodation of strike-slip along 
both the southern and northern pathways of the San Andreas fault through the SGPr 
increases the overall strike-slip rate of the SAF by ~ 4.5 mm/yr. 
 Changes to the active fault geometry along the San Andreas fault that increase 
strike-slip rates along the San Andreas fault also decrease strike-slip rates along the 
northern San Jacinto fault. The addition of the northern pathway of the San Andreas fault 
through the SGPr decreases the average strike-slip rate along the San Jacinto Valley and 
Anza segments of the San Jacinto fault from 7.5 ± 3.4 mm/yr in the Inactive Mill Creek 
model to 7.0 ± 3.2 mm/yr in the West Mill Creek model. This 0.5 mm/yr decrease in 
strike-slip rate is less than the 4.5 mm/yr increase in strike-slip along the San Andreas 
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fault. Consequently, the addition of the modeled northern pathway produces a net 
increase in strike-slip across the region of ~4 mm/yr.  
 The average strike-slip rates across the Helendale, Lenwood, Camp Rock, Calico, 
Pisgah and Ludlow faults of the Eastern California Shear Zone (ECSZ) are not greatly 
affected by changes to fault configuration along the San Andreas fault. The total strike-
slip rate along these major faults of the ECSZ is 6.8±2.0 mm/yr for the Inactive Mill 
Creek model and only drops to 6.5±2.0 mm/yr with the addition of the northern pathway 
of the San Andreas fault within the West Mill Creek model. Both models are close to the 
upper range in total strike-slip rate across the ECSZ of 6.2 ± 1.9 mm/yr  [Oskin et al., 
2008]. The 0.3 mm/yr decrease in total strike-slip rate across the ECSZ is less than the ~4 
mm/yr net increase in strike-slip rate along the San Andreas and San Jacinto faults. These 
results show that the lack of northern slip pathway through the San Gorgonio Pass would 
not significantly load faults of the Eastern California Shear Zone. 
The addition of the active northern strands of the San Andreas fault in the SGPr 
produces an increase strike-slip rate along this fault that is not compensated by 
corresponding decreases in strike-slip rate along both the San Jacinto fault and faults of 
the Eastern California Shear Zone. The West Mill Creek model produces ~5 mm/yr 
greater dextral slip rate along all three fault systems than the Inactive Mill Creek model. 
Because all models have the same applied velocities on the model boundaries, the 
difference in net strike-slip rate indicates that some strike-slip deformation in the Inactive 
Mill Creek model may be accommodated as off-fault deformation, such as pervasive 
shear and/or folding within the host rock, in the SGPr. This off-fault deformation is 
consistent with the uplift rate patterns that show more uplift along the southern strands in 
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the Inactive Mill Creek model than in the West Mill Creek model, which can be 
associated with folding (Figure 1.6). 
1.6.4 Implications for Seismic Hazard 
The geometry of active faults plays a fundamental role in the assessment of 
seismic hazard of restraining bends, such as in the SGPr [e.g. Wesnousky, 2008]. 
Dynamic rupture models indicate that ruptures are more likely to terminate at 
complicated fault systems, such as the restraining bend along the San Andreas fault 
within SGPr [e.g. Kase and Kuge, 2001; Tarnowski, 2017. However, paleoseismic 
evidence reveals that ruptures through the San Gorgonio Pass have occurred in the past, 
with the last event occurring in 1400 AD along the southern fault strands [Yule et al., 
2014]. The West Mill Creek model shows that the northern pathway through the SGPr 
can accommodate a substantial portion of the dextral slip along the Mission Creek strand, 
Galena Peak strand, and Mill Creek strand north of Upper Raywood Flat. This result 
supports the interpretation that slip may bypass site 5 along Upper Raywood Flat, where 
geologic evidence suggests no slip, via the Galena Peak strand. While this model does not 
honor the evidence for no recent slip at site 6 along the Mission Creek fault, the northern 
strands may still present the potential for a large, through-going rupture on the San 
Andreas fault north of the San Gorgonio Pass. 
If both the southern and northern fault strands provide viable slip pathways 
through the SGPr, the likelihood of a through-going rupture, and thus the seismic hazard, 
increases. We explore the moment magnitude of an earthquake that nucleates near 
Bombay Beach on the Salton Sea and propagates up to Cajon Pass via either the southern 
or northern pathways of the San Andreas fault through the SGPr (Figure 1.1). Using the 
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model net-slip rates, time since last event (TSLE) for each fault segment (Table 1.3), and 
the assumption of complete stress drop between events, we estimate the total seismic 
moment that could be released in a large through-going rupture for the fault geometries of 
the West Mill Creek model. A rupture that propagates up along the Coachella segment to 
Cajon Pass via the southern pathway in the San Gorgonio Pass will have a seismic 
moment of 3.64x1020 Nm (Mw ~7.7). Alternatively, a rupture that travels along the 
northern pathway of the San Gorgonio Pass will have a seismic moment of 6.21x1020 Nm 
(Mw ~7.8). Furthermore, a branching rupture that travels along both the southern and 
northern pathways, would release a seismic moment of 7.25x1020 Nm (Mw ~7.9). An 
analysis of this kind has several assumptions, such as fault geometry, rupture extent, 
TSLE, and a complete stress drop between events. Alternatively, using a regression of 
rupture area on magnitude, the rupture areas for these scenarios give similar magnitudes 
of 7.8-7.9 (Wells and Coppersmith, 1994). Any of these through-going rupture scenarios 
could result in peak ground velocities of 2 m/s or greater hitting the Los Angeles Basin 
[Porter et al., 2011], which could be devastating for the region. 
1.7 Conclusions 
On-going debate in the SGPr centers on the relative activity of the Mill Creek and 
Mission Creek strands, which may provide an alternative slip pathway north of the active 
faults within the San Gorgonio Pass. We utilize a suite of three-dimensional BEM models 
to investigate six potential active fault geometries through the SGPr. All of the tested 
models fit many of the geologic strike-slip rates at investigated sites along the San 
Andreas and San Jacinto faults, but none of the models match the geologic strike-slip 
rates at every site. Model misfits to the geologic strike-slip rates reveal two best-fitting 
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models: the Inactive Mill Creek model with activity limited to the southern strands and 
the West Mill Creek model, which has activity on both the northern and southern strands 
of the San Andreas fault within the SGPr. Both the Inactive Mill Creek model and West 
Mill Creek model match 8/18 of the strike-slip rates at investigated sites. Model slip rates 
vary up to 3 mm/yr along the San Jacinto fault for different fault configurations in the 
SGPr indicating that activity on this fault responds to changes in fault geometry and 
subsequent slip rate changes along the San Andreas fault. Slip rates at the Upper 
Raywood Flat site along the Mill Creek strand and the Mission Creek alluvial complex 
site have the greatest sensitivity to changes in the active fault geometry through the SGPr, 
with dextral slip rates ranging from 0-13 mm/yr and 0-12 mm/yr, respectively, among the 
models tested. Of the tested fault configurations, the Inactive Mill Creek model best 
honors the observation of no recent slip at both Upper Raywood Flat (site 5) and the 
Mission Creek alluvial complex (site 6) and provides the smallest misfit to all of the 
investigated sites. However, the West Mill Creek model includes additional active 
portions of the Mission Creek, Mill Creek, and Galena Peak strands that could provide 
better match to geologic indications of recent slip on these strands. We compare uplift 
rate patterns for the two preferred models. The Inactive Mill Creek and the West Mill 
Creek models show similar general spatial patterns of uplift rate, with greatest uplift rate 
in the San Bernardino Mountains and fastest subsidence in the San Bernardino Basin. 
Uplift rate data from areas that have different uplift rate patterns in the two models, as 
well as additional strike-slip rates along the Mission Creek and Mill Creek strands of the 
San Andreas fault, may give additional support for one or the other model.  
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The West Mill Creek model produces ~5 mm/yr greater overall strike-slip rate 
than the Inactive Mill Creek model, suggesting that some strike-slip deformation in the 
Inactive Mill Creek model may be accommodated as off-fault deformation. This means 
that decreases in slip in one part of the system are not compensated by corresponding 
increases in another part of the system. Off-fault deformation should be considered in slip 
budget analyses. Models with and without a northern pathway to slip in the SGPr produce 
similar slip rates within the Eastern California Shear zone, refuting the idea that a lack of 
northern pathway for slip through the SGPR requires greater slip rates in the Eastern 
California Shear Zone. While a better understanding of the active fault geometries within 
the SGPr could shed light on how a rupture is likely to propagate through the region, a 
through-going rupture propagating from the Salton Sea to Cajon Pass through the SGPr 
along either of the best-fitting fault configurations could result in a Mw 7.7-7.9 
earthquake.  
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1.8 Figures 
 
Figure 1.1: Map of the potential active faults of the San Gorgonio Pass region (SGPr) 
showing the sites with available dextral slip rates with yellow dots. Thicker, colored lines 
denote San Andreas fault strands. The Galena Peak strand is denoted by GP. Slip rates for 
these sites are listed in Table 1. Note the lack of slip rates along the northern strands. 
Sites 5 and 6 are the locations of Upper Raywood Flat and the Mission Creek alluvial 
complex, respectively, where evidence of no recent slip is observed [Kendrick et al., 
2015]. Inset: map of southern California showing the location of the SGPr. Major cities 
are labeled in red: San Francisco (SF), Los Angeles (LA), and San Diego (SD). 
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Figure 1.2: Alternative active fault 
configurations through the San Gorgonio 
Pass. The southern strands are consistent in 
all six models. Dip of faults is indicated 
along the fault traces. Models 1 and 2 
investigate the impact of an active vertical 
Mill Creek strand. Models 3-6 provide 
alternative slip paths through the San 
Gorgonio Pass that may allow slip to bypass 
Upper Raywood Flat (yellow star), where 
Kendrick et al. [2015] observe no evidence 
of slip; however there may still be slip at the 
Mission Creek alluvial complex. Model 3 
includes the Galena Peak strand. The extent 
of the Galena Peak strand is this model is 
greater than in subsequent models because 
the western segment of the Mission Creek 
strand is not present in this model. Thus, the 
authors chose to extend the Galena Peak 
fault to merge with the Mill Creek strand on 
both ends, as a way to bypass Upper 
Raywood Flat. Models 4 and 5 also include 
the full Mission Creek strand. Model 6 
explores the possibility that only the western 
portion of the Mill Creek may be active. 
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Figure 1.3: Northward oblique view of the model setup. Tectonic loading is prescribed at 
the boundaries of the model base while allowing the shear traction-free faults to slip 
freely in response to the loading and fault interaction.  Uncertainties in the tectonic 
loading are considered by testing a range of plate velocities and orientation. 
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Figure 1.4: Correlation of modeled and geologic strike-slip rates along the A) San 
Andreas fault and B) San Jacinto fault for the six modeled active fault geometries. Colors 
delineate models. A 1:1 line is plotted in black. The Inactive Mill Creek model provides 
the best fit to the preferred geologic strike-slip rates for both the San Andreas and San 
Jacinto faults. The second best-fitting model is the West Mill Creek model. C) Modeled 
strike-slip rates at Upper Raywood Flat (site 5 in Figure 1) for the six models. D) 
Modeled strike-slip rates at the Mission Creek alluvial complex (site 6 in Figure 1). 
Investigated slip rate sites along the San Andreas and San Jacinto faults are the same as in 
Figure 1. 
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Figure 1.5: Surface dextral slip rates along strands of the San Andreas fault for the two 
best fitting models: A) Inactive Mill Creek and B) West Mill Creek. Fault strand colors 
are the same as in Figure 2. Vertical bars show the range in strike-slip rates from geologic 
studies (Table 1). The bands show modeled strike-slip rates along each strand with the 
height of the band showing range of slip rate for the uncertainty in tectonic loading. New 
geologic slip rates along the Mission Creek and Mill Creek strands within the black-
boxed regions on the map would help delineate between these models.   
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Figure 1.6: Model uplift rates for the two best-fitting models: A) Inactive Mill Creek and 
the B) West Mill Creek models. The uplift patterns are isostatically adjusted and filtered 
to remove model artifacts. The two models produce similar uplift patterns throughout the 
SGP region. Key differences between the models are in the A) hanging wall of the San 
Gorgonio Pass Fault zone, B) Yucaipa ridge, C) alluvial fan between North Palm Springs 
and Desert Hot Springs, and D) hanging wall of the Mission Creek strand near Upper 
Raywood Flat. 
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1.9 Tables 
Slip 
Rate 
Site 
Fault strand 
Dextral slip 
rate 
(mm/yr) 
Reference 
1 San Bernardino 21-28 
Weldon and Sieh, 
1985 
2 San Bernardino 11-17 
McGill et al., 
2010 
3 San Bernardino 6.8-16.3 
McGill et al., 
2013 
4 San Bernardino 4-12 Orozco, 2004 
5 Mill Creek 0 
Kendrick et al., 
2015 
6  
Mill Creek and 
Mission Creek 
0 
Kendrick et al., 
2015 
7 
San Gorgonio 
Pass Fault 
Zone 
4.2-8.4 
Heermance and 
Yule, 2017 
8 Banning 3.9-4.9 Gold et al., 2015 
9 Banning 2-6 
Scharer et al., 
2015 
10 Mission Creek 17-24 
Blisniuk et al, 
2012 
11 Mission Creek 10-14 Munoz et al., 2016 
12 Coachella 14-17 Behr et al., 2010 
13 Claremont 12.8-18.3 
Onderdonk et al., 
2015 
14 Anza 9.5-15.5 
Blisniuk et al., 
2013 
15 Clark 6.9-10.9 
Blisniuk et al., 
2010 
16 Clark 1.1-1.9 
Blisniuk et al, 
2010 
17 Coyote Creek 2.4-6 
Janecke et al., 
2010 
18 Coyote Creek 2.8-5 Sharp, 1981 
Table 1.1: Dextral slip rates for available sites along the San Andreas and San Jacinto 
faults. Site numbers are as in Figure 1. 
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 Model fit to investigated sites Slip rate misfits (mm/yr) 
SAF (x/12 sites) SJF (x/6 sites) Total Permissible 
Inactive Mill Creek 6 2 2.7 0.9 
Active Mill Creek 5 1 4.4 1.6 
Mill Creek + Galena Peak 4 1 5.3 2.6 
Vertical Mission Creek 4 1 4.2 1.7 
North-dipping Mission Creek 3 2 3.5 1.3 
West Mill Creek 6 2 3.2 1.2 
Table 1.2: Model fit to the investigates sites, showing how many sites along the San Andreas and San Jacinto faults each model 
matches, and the preferred and permissible misfits to the geologic strike-slip rates for each of the five modeled active fault 
configurations. 
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Fault TSLE (years) Reference 
San Bernardino segment 200 Biasi et al., 2009 
Southern SGPr strands 600 McBurnett, 2011 
Northern SGPr strands 1000 Blisniuk et al., 2013 
Coachella segment 300 Philibosian et al., 2011 
Table 1.3: Times Since Last Event (TSLE) for the faults of the San Gorgonio Pass region. 
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1.10 Supplemental information 
1.10.1 Iterating the tectonic loading 
Previous studies using Boundary Element Method models of the region estimated 
the tectonic velocities and applied a velocity gradient across the San Andreas fault using 
blocks of elements each with uniform velocity, separated by discrete steps [e.g. Herbert et 
al., 2014; Fattaruso et al., 2014]. However, Poly3D prescribes the slip rate across the 
model base, rather than the displacement rate on the upper side of the base, often 
resulting in inaccurate approximations of the desired velocity. To correct for this, we 
implement an iterative technique following Stern [2016]. 
The approach begins with a first estimate for the tectonic loading, following the 
approach of previous models, followed by a correction to improve the blocky gradient to 
a linear gradient across the San Andreas fault (sides labeled II on Figure 3). After the 
linear gradient is applied, we calculate a correction ratio from the output displacement 
rates to adjust the slip rate applied to each element along the outer ring of the model base. 
After each run of the model, we adjust the applied slip rate iteratively until the desired 
displacement rate along the upper side of the elements around the model boundaries is 
obtained. We use three iterations to smooth the boundary velocities to within 1% of the 
desired tectonic loading (Figure S2). 
  
  38 
 
Figure S.1.1: Regional map showing the complete modeled fault traces in models 
presented here. Dashed lines show the upper tiplines of blind faults. 
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Figure S.1.2: Displacements along the A) east model boundary patch and B) northeast 
model boundary patch with successive iterations. The northeast patch shows a linear 
gradient in the displacements, decreasing from the tectonic rate to the rate of the San 
Andreas fault. By the third iteration (red), displacements are generally within 1% of the 
desired displacements. 
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CHAPTER 2 
 
ASSESSING KINEMATIC COMPATIBILITY OF GEOMETRY AND SLIP 
RATES WITHIN THE SAN GORGONIO PASS REGION, SOUTHERN 
CALIFORNIA 
2.1 Abstract 
Assessment of seismic hazards in southern California may be improved with more 
accurate characterization of geometry of and slip rates along the active San Andreas fault 
strands within the San Gorgonio Pass region. Crustal deformation models with two 
alternative and currently debated three-dimensional active fault geometries through the 
San Gorgonio Pass region produce fault slip rates that match some, but not all, of the 
available geologic strike-slip rates at sites along the southern San Andreas fault. Sites 
with disagreement between the model and geologic slip rates indicate where the model 
fault geometry is incompatible with the interpreted geologic slip rate. We investigate the 
kinematic compatibility of slip rates and fault geometry using mechanical models that 
limit the dextral strike-slip rates to within the range of observed slip rates at the sites of 
the geologic investigations. The faults outside of these regions slip freely in response to 
tectonic loading and fault interaction. Off-fault distortion maps of the model results 
reveal regions of kinematic incompatibility at the branch of the San Andreas fault near 
Indio Hills, in the hanging wall of the San Gorgonio Pass thrust, and near Cajon Pass. 
Local concentration of off-fault distortion indicates that geologic fault slip rates are not 
effectively accommodated along the simulated fault surfaces in these regions. This new 
approach reveals incompatibilities that suggest that our current knowledge of the fault 
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configuration and/or slip rates may not accurately inform seismic hazards of these 
regions. 
2.2 Introduction 
The southern San Andreas fault forms a restraining stepover in the San Gorgonio 
Pass region (SGPr), characterized by multiple active fault strands and complex 
interactions (Figure 2.1). Due to the lack of large ground rupturing earthquakes during 
the span of the seismic catalog (e.g., Yang et al., 2012), the activity and subsurface 
geometry of the San Andreas fault through the SGPr remains uncertain. The available 
geologic observations at the surface and geophysical subsurface data provide conflicting 
interpretations of fault geometry in many portions of the SGPr.  
For example, on-going debate centers on the relative activity of the Mill Creek 
and Mission Creek strands, which provide a northern path for rupture through the SGPr 
(Figure 2.1; Gold et al., 2015; Kendrick et al. 2015; Fosdick and Blisniuk, 2018). 
Whereas Kendrick et al. [2015] used reconstructed drainage segments across the Mill and 
Mission Creek strands (site 6 in Figure 2.1) to show that both strands have been inactive 
for ~ 100 ka, a provenance study in this same area by Fosdick and Blisniuk (2018) 
suggests that these strands are active. Further to the east along the Mission Creek fault, 
two sites within 5 km of each other (sites 9 and 10) have slip rates that differ by >10 
mm/yr (17-24 mm/yr at site 9, Blisniuk et al. 2012; 10-14 mm/yr at site 10, Munoz et al. 
2016; Figure 2.1). Uncertainties in active geometry of the San Andreas fault also impede 
confident fault interpretation in other regions of the SGPr.  
One approach to constrain fault geometry uncertainty is to test plausible fault 
configurations by comparing results of alternative mechanical models with geologic slip 
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rates, uplift and/or geodetic data (e.g. Cooke and Dair, 2011; Herbert et al., 2014; 
Fattaruso et al., 2014; Beyer et al., 2018). For example, Beyer et al. (2018) find that two 
among five plausible configurations of the San Andreas fault through the SGPr fit well 
the available geologic slip rates. One limitation of this forward modeling approach is that 
the explicit set up of the fault configurations does not inform the feasibility of alternatives 
outside of those tested. What if none of the tested fault configurations is accurate? 
Furthermore, few geologic slip rates studies assess uncertainty of their findings. What if 
some slip rates are unreliable? Kinematic compatibility of a fault system quantifies how 
deformation is partitioned through the system (e.g., Gabrielov et al., 1996). If interpreted 
fault geometries and slip rates are kinematically compatible, the system is efficient, and 
deformation will be accommodated as on fault slip rather than off-fault deformation. In 
contrast, if interpreted fault geometries and slip rates are kinematically incompatible, 
such as fast slip rates through a sharp bend, the system is inefficient, and deformation 
cannot be effectively accommodated as fault slip, resulting in strain partitioning into off-
fault deformation. 
In this study, we use three-dimensional Boundary Element Method models that 
simulate deformation over many earthquake cycles and investigate kinematic 
compatibility of interpreted fault geometry with interpreted slip rates through the San 
Gorgonio Pass region (Figure 2.1). Rather than letting faults slip in response to tectonic 
loading (Beyer et al. 2018), here we prescribe geologic slip rates at the sites of the 
investigation. This allows the models to incorporate both interpreted slip rates and fault 
geometry at the same time so that we can assess their compatibility. We compare off-
fault distortion from an unconstrained slip rate model to those of models where we limit 
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slip rates at the geologic slip rate sites. Regions of high off-fault deformation indicate 
kinematic incompatibility which highlights regions where our knowledge of fault 
geometry and/or slip rate may be insufficient.  
2.2.1 Fault systems evolve to be mechanically efficient 
Fault systems grow new faults in order to increase mechanical efficiency, 
minimizing the work required to accommodate the strain of the system (e.g., Mitra and 
Boyer, 1986; Masek and Duncan, 1998; Cooke and Murphy, 2004; Del Castello and 
Cooke, 2007; Cooke and Dair, 2011; Cooke et al., 2013; Hatem et al., 2015; Fattaruso et 
al., 2016). If the tectonic loading changes, the efficiency of a system may decrease, 
producing less fault slip and greater off-fault deformation. In response, the fault system 
may reorganize and grow new faults to accommodate a greater portion of the regional 
strain as slip along faults. The new faults that grow are ideally oriented such that their 
geometries are kinematically compatible with the tectonic loading. 
2.2.2 Geometry and slip rates of the southern San Andreas fault 
The San Gorgonio Pass, sometimes called the little ‘Big Bend’, is where the 
southern San Andreas fault forms a left-stepping restraining bend and becomes 
geometrically complex, with multiple active fault strands (Matti et al., 1983; Matti et al., 
1985; Figure 2.1). The southern pathway of the San Andreas fault within the SGPr 
consists of the San Gorgonio Pass thrust, Garnet Hill strand, and Banning strand (Figure 
1). The San Gorgonio Pass thrust is a north-dipping thrust fault that intersects the Earth’s 
surface with a scalloped trace (e.g., Matti et al., 1985; Matti et al., 1993; Yule and Sieh, 
2003). The San Gorgonio Pass thrust has a reverse slip rate of >2.5 mm/yr (Yule and 
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Sieh, 2003), and a dextral slip rate of 5.7 ± 1.5
2.7
 mm/yr (site 5; Heermance et al., 2017). 
The north-dipping Garnet Hill and Banning strands are nearly parallel in strike but have 
several different interpreted subsurface geometries (Yule and Sieh, 2003; Plesch et al., 
2007; Fuis et al., 2017; Nicholson et al., 2017). For this study, we represent the 
subsurface faults with a sub-vertical Banning strand only active within the hanging wall 
of the Garnet Hill strand. The Banning strand has 3.9-4.9 mm/yr dextral slip at its western 
end (site 7; Gold et al., 2015) and 2-6 mm/yr dextral slip to the east near its intersection 
with the Mission Creek strand of the San Andreas fault (site 8; Scharer et al., 2015).  
The northern pathway of the San Andreas fault through the SGPr consists of the 
Mill Creek, Galena Peak, and Mission Creek strands (Figure 2.1). The geometry and 
activity of these strands, which provide an additional pathway for slip through the San 
Gorgonio Pass, are still under debate (e.g., Kendrick et al., 2015; Beyer et al., 2018; 
Fosdick and Blisniuk, 2018). A study of the Mission Creek alluvial complex suggests that 
neither the Mission Creek nor Mill Creek faults have slipped at this location for 100 ka 
(site 6; Kendrick et al., 2015). In contrast, a sedimentary provenance study of modern 
drainages just a few kilometers away suggests that the Mission Creek fault may 
accommodate most of the deformation in the region (Fosdick and Blisniuk, 2018). 
Further to the east on the Mission Creek strand, high dextral slip rates of 10-14 mm/yr in 
the Indio Hills [site 10; Munoz et al., 2016] and 17-24 mm/yr near Pushawalla Canyon 
[site 9; Blisniuk et al., 2012] support the transfer of slip through the SGPr via a northern 
pathway. The sub-vertical Galena Peak strand (e.g., Dibblee, 1964; Matti et al., 1983; 
Kendrick et al., 2015) connects the Mill Creek strand and western segment of the Mission 
Creek strand (Figure 2.1).  
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The Banning and Mission Creek strands merge into the Coachella segment of the 
San Andreas fault just south of the Indio Hills (Figure 2.1). The Coachella segment dips 
to the northeast (e.g., Lin et al., 2007; Fattaruso et al., 2014; Fuis et al., 2017) and 
continues from the Indio Hills, southward to the eastern shore of the Salton Sea. Just 
south of the junction with the Banning and Mission Creek strands at Biskra Palms, the 
Coachella segment slips at a preferred rate of 14-17 mm/yr [site 11; Behr et al., 2010].  
2.3 Methods 
We evaluate the kinematic compatibility of fault geometry with geologic slip rates 
within the San Gorgonio Pass region using Poly3D, a quasi-static, three-dimensional 
boundary element code. Poly3D calculates stresses and displacements throughout the 
model by solving the relevant equations of continuum mechanics (e.g., Thomas, 1993; 
Crider and Pollard, 1998). In addition to detailed three-dimensional representation of 
faults within the San Gorgonio Pass region, the models incorporate the southern San 
Andreas fault, the San Jacinto fault, and the Eastern California Shear Zone based on the 
Southern California Earthquake Center’s Community Fault Model (CFM) version 4.0 
(Plesch et al., 2007; Nicholson et al., 2017; Figure 2.2). We include modifications to the 
CFM v.4.0 fault geometry as described in Herbert et al. (2014), Fattaruso et al. (2014) 
and Beyer et al. (2018) that improve match of model slip rates to geologic slip rates.  
Faults are discretized into triangular elements that can replicate complex fault 
geometries within a linear-elastic and otherwise homogeneous half-space (Figure 2.2). 
Within the San Gorgonio Pass region, the average element size is ~4 km, allowing for the 
models to capture fault irregularities as small as ~10 km. Following Marshall et al. 
(2009), we extend the faults of the CFM down to a horizontal basal crack that is freely 
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slipping at 35 km depth to simulate distributed deformation below seismogenic depths. 
This adaptation allows us to simulate long-term deformation without the fault slip rates 
going to zero at the base of the CFM-defined faults. Furthermore, we do not consider 
impacts of heterogeneous and/or anisotropic rock properties. Over multiple earthquake 
cycles, fault geometry provides a first-order control on deformation patterns (e.g., 
Dawers and Anders, 1995; Fay and Humphreys, 2005; Herbert and Cooke, 2012). 
Within the reference models, the shear traction-free faults throughout the model 
slip freely in response to both the tectonic loading and fault interaction. Zero shear 
traction is consistent with low dynamic strength of faults during rupture (e.g., Di Toro et 
al., 2006; Goldsby and Tullis, 2011). Tectonic loading is prescribed far from the 
investigated faults at the base of the model, following Herbert & Cooke (2012) to 
simulate plate motions that are geodetically constrained to be 45-50 mm/yr at 320°-325° 
(e.g., DeMets et al., 2010). Following Beyer et al. (2018), we also implement an iterative 
technique that uses a correction ratio for successive iterations to ensure a uniform applied 
tectonic velocity parallel to the plate boundary (sides labeled I on Figure 2.2) and a linear 
gradient in the tectonic loading across the plate boundary (sides labeled II on Figure 2.2). 
This technique provides applied velocities that are within ~1% of the desired tectonic 
loading. 
To prevent slip from artificially going to zero on faults that extend outside our 
model area (i.e., the San Andreas, San Jacinto, and Cucamonga-Sierra Madre fault 
systems), we prescribe slip rates to patches of these faults at the edge of our model. For 
the San Andreas fault, we apply 35 mm/yr dextral slip (Weldon and Sieh, 1985) at the 
northwestern edge of the model. At the southeastern edge of the model, we apply 25 
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mm/yr and 10 mm/yr dextral slip to the San Andreas and San Jacinto faults, respectively 
(e.g., Sharp, 1981; Becker et al., 2005; Fay and Humphreys, 2005; Meade and Hager, 
2005). Deformation within the SGPr is not significantly impacted by variations in the 
partitioning of slip rates between the San Andreas and San Jacinto faults at this model 
edge because slip rates primarily respond to interaction among complex faults within the 
San Gorgonio Pass region (Fattaruso et al., 2014). Finally, we apply 1.6 mm/yr reverse 
slip (McPhillips and Scharer, 2018) to the western edge of the modeled Cucamonga fault 
to account for deformation along the Sierra Madre fault, which is not included in our 
model. 
2.3.1 Tested fault configurations 
Of the six plausible fault configurations tested by Beyer et al. (2018), we explore 
the kinematic compatibility of the two models that best fit the geologic slip rates and field 
observations of active slip. The first model considers an inactive Mill Creek strand and 
consists of the green strands in Figure 2.1. The second model expands from the first fault 
configuration and additionally incorporates active Mill Creek and Galena Peak strands 
(orange fault strands in Figure 2.1). We refer to these fault configurations as the Active 
Mill Creek and the Inactive Mill Creek models. 
2.3.2 Assessing kinematic compatibility 
We assess the kinematic compatibility of geologic slip rates with interpreted fault 
geometry by limiting slip rates to within the geologic range at sites of slip rate 
investigations. Because geologic investigations produce a range of possible slip rates, we 
allow for a variety of slip rates at each site of geologic investigation in the model. In the 
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absence of probability density functions for the slip rates, we treat the geologic slip rate 
as having uniform probability within the published range. The reference models use the 
results from Beyer et al. (2018), where the faults slip freely in response to tectonic 
loading and fault interaction. The slip rates and the kinematic compatibility of this model 
will be used as reference for the subsequent models that limit the slip rates to within the 
geologic ranges. The reference models have greater kinematic compatibility than the slip-
limited models because faults are free to slip in accordance with the fault geometry. 
In a second set of models, we limit the slip rates at geologic sites within the 
models to within the geologic range. This is an iterative process starting from the 
reference models. If the slip rates from the reference model exceed the geologic range, 
then we prescribe the slip rate at the site to be either the upper or lower limit of the 
geologic slip rate range. If the slip rate in the reference model is closer to the upper bound 
then we prescribe this slip rate at the site, otherwise the patch has the lower bound slip 
rate. At each slip rate site along the fault, the prescribed slip rate patch is ~6 km by 6 km, 
extending down from the surface trace. Because altering slip rates on some sites may 
impact other portions of the fault, we implement this approach iteratively until the 
modeled slip rate at each site falls within the geologic slip rate range for that site. 
Locations along the faults between the prescribed slip rate sites freely slip in response to 
tectonic loading, fault interaction, and the effects of prescribed slip patches. 
We assess the kinematic incompatibility of each of the two fault configurations by 
calculating maps of the off-fault deformation rate, here defined as the sum of the vorticity 
rate (2*curl) and the divergence rate of the surface velocity field. For each tested fault 
configuration, we compare the resulting deformation pattern and also the total 
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deformation integrated across the region compared to that of the reference models. The 
spatial pattern of deformation reveals the regions where geologic slip rates are 
incompatible with interpreted fault geometry, while total deformation provides a metric 
for the relative compatibility. 
2.4 Results 
Here, we present maps of off-fault deformation and plots of fault slip rates 
through the SGPr for both fault configurations. 
2.4.1 Off-fault distortional strain 
The off-fault deformation increases with increasing constraints on fault slip. The 
reference model for each fault configuration (Figure 2.3) has the least constrained slip 
rates as it allows all faults to slip everywhere in response to tectonic loading and fault 
geometry. The model with an inactive Mill Creek fault configuration has more off-fault 
deformation than the model with active Mill Creek and Galena Peak strands (Figure 2.3 
and Table 2.1). This result suggests that the fault configuration with an active Mill Creek 
strand is more efficient at accommodating plate motion as fault slip. High off-fault 
deformation develops near fault intersections of both fault configurations. The inactive 
Mill Creek geometry (Figure 2.3a) shows areas of off-fault deformation in the hanging 
wall of the 1) along the San Bernardino strand between slip rate sites 3 and 4, 2) near the 
northern extent of the Mission Creek strand, 3) north of the Pinto Mountain fault, 4) 
where the Banning and Mission Creek strands merge into the Coachella segment, and 5) 
north of the Blue Cut fault going northward towards the Eastern California Shear Zone. 
These areas of off-fault deformation decrease with the presence of an active northern 
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pathway in the active Mill Creek geometry (Figure 2.3b), because the introduction of the 
northern pathway decreases strike-slip rates along the southern pathway and 
accommodates more slip along the northern pathway (Beyer et al., 2018). The total 
integrated off-fault deformation is less (1.5%) for the active Mill Creek fault than when 
this fault is inactive (Table 2.1). 
When we limit slip rates at the sites of the geologic investigations in the model, 
regions of large off-fault deformation develop. Figure 2.4 shows the change in off-fault 
deformation relative to the reference models (Figure 2.3). In the inactive Mill Creek fault 
configuration (Figure 2.4a), off-fault deformation increases in the Cajon Pass, at the 
juncture of the Banning, Mission Creek and Coachella strands at Indio Hills, and to a 
lesser degree in the hanging wall of the San Gorgonio Pass thrust (SGP thrust). With the 
exception of the Indio Hills region, these same regions of increased off-fault deformation 
are amplified in the active Mill Creek fault configuration (Figure 2.4b). Additionally, the 
active Mill creek geometry produces a region of high off-fault deformation along the 
Mission Creek fault near the Mission Creek Alluvial Complex (site 6) where the fault is 
pinned such that it does not slip. The total off-fault deformation integrated over the study 
area of these models can be compared to the reference models (Table 2.1). For both fault 
configurations, the total integrated off-fault deformation increases by 5.3 to 10.4% when 
the fault slip rates are constrained to be within the geologic slip rate range at each 
investigated site (Table 2.1). However, the active Mill Creek model has 3.2% greater off-
fault deformation than the inactive Mill Creek model. 
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2.4.2 Surface slip rates through the San Gorgonio Pass region 
While geologic slip rate investigations only provide slip rate estimates at one 
location along a fault, numerical models provide slip rate estimates along the entire fault 
surface. This gives insight into how fault slip rates vary between sites of investigation. 
Figure 2.5 shows the dextral slip rates along each strand of the San Andreas fault through 
the SGPr. Figure 2.5a and 2.5c show the surface slip rates for the unconstrained reference 
models for each of the fault configurations. Both models overestimate slip rates at Badger 
Canyon on the San Bernardino strand (site 2) and at site 8 along the Banning strand, 
while also underestimating slip rates at Pushawalla Canyon (site 9) along the Mission 
Creek strand and overestimating slip rates at Biskra Palms (site 11) along the Coachella 
segment. 
In the unconstrained inactive Mill Creek geometry (Figure 2.5a), the dextral slip 
rate along the San Bernardino strand (purple) gradually decreases to the south, with a 
slight stepped decrease in slip between Plunge Creek (site 3) and Burro Flats (site 4) 
where the San Gorgonio Pass Thrust (dark blue) begins to take up some dextral slip. 
Within the restraining bend, the San Gorgonio Pass Thrust accommodates a maximum of 
~8 mm/yr dextral slip near its intersection with the Banning strand (light blue). The 
Banning strand accommodates more dextral slip than the sub-parallel Garnet Hill strand 
(green) and the active portion of the Mission Creek strand (orange). Dextral slip along the 
Mission Creek strand increases to the east as it merges with the Coachella segment (red). 
In the unconstrained active Mill Creek geometry (Figure 2.5c), the dextral slip 
rate along the San Bernardino strand (purple) decreases as it enters the restraining bend, 
similar to the inactive Mill Creek geometry (Figure 2.5a); however, the dextral slip rate 
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abruptly decrease between Badger Creek (site 2) and Plunge Creek (site 3), due to slip 
being transferred onto the Mill Creek strand (dark green). Further to the east, dextral slip 
along the Mill Creek strand is transferred onto the Galena Peak strand (pink). The 
westernmost Mission Creek strand (orange) has a low slip rate, but the slip rate abruptly 
increases where the fault accommodates slip transferred from the Galena Peak strand. 
The dextral slip rates along the Mission Creek and Banning (light blue) strands gradually 
increase to the southeast where they merge with the Coachella segment (red). 
In the unconstrained reference models (Figure 5a and 5c), the range in model slip 
rates along the length of each fault corresponds to the uncertainty in tectonic loading. 
However, in the models where slip rates are constrained to within the geologic slip rate 
range at sites of investigation (Figure 2.5b and 2.5d), model slip rates are pinned to the 
limiting value at sites that did not fall within the range in the reference model. This 
produces sharp jumps in the dextral slip rate along the length of the fault, which is most 
pronounced at the intersection of the Mission Creek strand (orange) with the Coachella 
segment (red). For both fault geometries (Figure 2.5b and 2.5d), the Mission Creek strand 
is pinned to the lower limit of the geologic range at Pushawalla Canyon (site 9) and the 
upper limit at Three Palms (site 10) and the Coachella segment is pinned to the upper 
limit of the geologic range at Biskra Palms (site 11). The dextral slip rate on the Mission 
Creek strand gradually decreases to the west in the inactive Mill Creek geometry model 
(Figure 2.5b). In the active Mill Creek geometry model (Figure 2.5d), the dextral slip rate 
decreases from Pushawalla Canyon (site 9) to the Mission Creek Alluvial Complex (site 
6), where it is thought to be inactive, before increasing towards the intersection with the 
Galena Peak strand (pink) and again decreasing to its western termination. By increasing 
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the dextral slip rate at site 3 on the San Bernardino strand to the lower limit of the 
geologic range, the slip rates on the western portions of the Mill Creek strand decrease 
substantially from the reference model. 
2.5 Discussion 
The off-fault deformation, both spatial distribution (Figure 2.3 and 2.4) and total 
integrated deformation (Table 2.1), increases with increasing constraints on fault slip. 
The reference model for each fault configuration (Figure 2.3) allows all faults to slip 
freely everywhere in response to tectonic loading and fault interaction. Constraining the 
faults of the San Gorgonio Pass region to be within the geologic slip rate range at 
investigated sites produces regions of higher off-fault deformation (Figure 2.4). Little to 
no increase in off-fault deformation occurs where the fault slip rates are within or near 
the limits of the geologic ranges in the reference models, such as along the San 
Bernardino strand. Consequently, prescribing the slip rate limit that is closest to the 
reference model slip rate produces little increase in off-fault deformation (Figure 2.4). 
This suggests that the geologic slip rates at these sites (sites 1-4 on Figure 2.5) are 
kinematically compatible with the interpreted fault geometry used here.  
Regions of significant off-fault deformation (Figure 2.4), such as the Mill Creek 
Alluvial Complex, Indo Hills, and to a lesser degree the Cajon Pass, indicate that slip 
rates in these regions may be kinematically incompatible with the interpreted fault 
geometry. While the traces of the San Andreas and San Jacinto faults at Cajon Pass are 
within several km of each other at the surface, debate continues on whether the faults are 
connected at depth (e.g. Matti and Morton, 1993; McGill et al., 2013; Herbert et al., 
2014). Off-fault deformation maps (Figure 2.4) show slightly increased off-fault 
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deformation near Cajon Pass in the constrained models. The addition of a hard linkage 
between the San Andreas and San Jacinto faults in the Cajon Pass may improve the 
kinematic compatibility through this region. 
The relative activity of the Mission Creek strand is still currently under debate 
(e.g., Kendrick et al., 2015; Beyer et al., 2018; Fosdick and Blisniuk, 2018). While it is 
agreed that the Mission Creek strand is active near the intersection with the Banning 
strand, whether or not it is active near the Mission Creek Alluvial Complex is still 
unclear. The region of high off-fault deformation along the Mission Creek strand near the 
intersection with the Pinto Mountain fault (Figure 2.4b) indicates that inactivity at this 
location inferred by Kendrick et al. (2015) is incompatible with our current knowledge of 
the fault geometry in this area.  
Near the Indio Hills, the Banning and Mission Creek strands merge into the 
Coachella strand of the San Andreas fault. The subsurface geometry of these fault strands 
near this intersection is not well constrained, particularly the orientation of the Coachella 
segment (e.g., Fuis et al., 2017). The off-fault deformation in this region (Figure 2.4) 
could be a result of an incorrectly inferred fault geometry. Additionally, where slip rate 
sites are close to one another (e.g., Indio Hills region), the geologic slip rates may be 
incompatible with each other. Surface slip rates of the reference models (Figures 2.5a and 
2.5c) show relatively smooth variations in slip rate along the length of the faults, with the 
exception of fault intersections. Prescribing slip rates different from the reference rates at 
sites of investigation produces large discrete jumps in slip rate (Figures 2.5b and 2.5d). In 
the Indio Hills region, three slip rate sites are within ~15 km of each other (Figure 2.1). 
These three sites have geologic slip rates that range from a minimum of 10 mm/yr at 
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Three Palms (site 10; Munoz et al., 2016) to a maximum of 24 mm/yr at Pushawalla 
Canyon (site 9; Blisniuk et al., 2012). This variation in geologic slip rates over such a 
short distance leads to kinematic incompatibilities, potentially between the fault geometry 
and fault slip rate, but also between neighboring slip rate estimates. 
2.6 Future work 
Figure 2.4 highlights three regions of significant off-fault deformation: the Indio 
Hills region, along the Mission Creek strand near the Mission Creek alluvial complex, 
and to a lesser degree, Cajon Pass. These regions of increased off-fault deformation 
indicate kinematic incompatibilities, which require additional investigation. 
2.6.1 Indio Hills region 
Future studies will address both possible sources (fault geometry and slip rate) of 
kinematic incompatibility. To test the possibility of incompatibility due to inaccurate 
fault geometry, we will incorporate alternative interpreted geometries of the Coachella 
strand (e.g., Fuis et al., 2017) to determine the geometry that minimizes off-fault 
deformation. We will then test the possibility of incompatibility due to inaccurate slip 
rates by systematically removing each slip rate site to determine which combination of 
slip rate sites minimizes off-fault deformation. 
2.6.2 Mission Creek Alluvial Complex 
To test compatibility of this area, we will remove our no-slip constraint at this 
location, allowing the fault to slip freely. Ongoing work by Morelan and Oskin 
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(University of California, Davis) on the Mission Creek fault to the west of the Mission 
Creek Alluvial Complex may provide additional slip rate constraints that can be tested. 
2.6.3 Cajon Pass region 
Future studies will assess if connecting the San Andreas and San Jacinto faults 
within the subsurface at Cajon Pass impacts the match between model and geologic slip 
rates. To do so, we will employ the alternative fault meshes developed by Herbert et al. 
(2014). The disconnected fault mesh extrapolates to depth with vertical faults from the 
mapped surface fault traces. For the connected fault mesh, we will extend the San Jacinto 
fault mesh by one element length to the north to merge with the San Andreas fault, from 
the surface to depth.  
2.7 Conclusions 
We use three-dimensional crustal deformation models to assess the kinematic 
compatibility of interpreted active fault geometries with geologic estimates of slip rates 
within the San Gorgonio Pass region. We investigate the compatibility of the two fault 
configurations of Beyer et al. (2018), among 6 tested, that exhibit the best match to 
available geologic slip rates, the Inactive Mill Creek and Active Mill Creek models. The 
unconstrained reference models allow all faults to slip freely everywhere in response to 
tectonic loading and fault interaction. High off-fault deformation develops near fault 
intersections throughout the model for both fault configurations, with the total off-fault 
deformation being greater in the inactive Mill Creek fault configuration. The additional 
faults within the active Mill Creek fault configuration increases the kinematic 
compatibility and efficiency of the system. 
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The unconstrained slip rate models allow the faults to slip at rates outside the 
estimated range of slip rates at some sites of geologic investigation. To further assess 
incompatibilities between geometry and slip rate, we utilize a new approach and 
constrain the slip rates along the faults to within the geologic range at each geologic slip 
rate site. Maps of off-fault deformation for the inactive Mill Creek fault configuration 
highlight regions of kinematic incompatibility at the branch of the San Andreas fault near 
Indio Hills, at Cajon Pass, and to a lesser degree within the hanging wall of the San 
Gorgonio Pass thrust. The active Mill Creek fault configuration amplifies the same 
regions of off-fault deformation and reveals an additional region of incompatibility in the 
hanging wall of the Mission Creek strand. These incompatibilities suggest that we have 
either incorporated inaccurate fault configuration or slip rates in these areas or included 
incorrect slip rates. Further geological and geophysical investigations should constrain 
active fault geometry and slip rate uncertainties at regions of high off-fault deformation.  
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2.8 Figures 
 
Figure 2.1: Map of the San Gorgonio Pass region, with thick colored lines highlighting 
San Andreas fault strands. Green fault strands are included in the Inactive Mill Creek 
fault configuration, while the addition of the orange strands make up the Active Mill 
Creek fault configuration. The Galena Peak strand is marked by GP. Sites with available 
dextral slip rates are indicated with yellow dots. 
 
  59 
 
Figure 2.2: Oblique view of the model setup. Tectonic loading is prescribed far from 
investigated faults, at the boundaries of the model base. Faults are traction-free and slip 
freely in response to loading and fault interaction. A range of plate velocities and 
orientations account for uncertainty in tectonic loading. SAF – San Andreas fault; SJF – 
San Jacinto fault. 
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Figure 2.3: Off-fault distortional strain maps from the A) Inactive Mill Creek fault geometry and the B) Active Mill Creek fault 
geometry. In these models, faults are unconstrained and slip freely in response to tectonic loading and fault interaction. At sites 
marked with red circles, the model slip rates exceeds the range of geologic slip rates. 
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Figure 2.4: Maps of the change in off-fault distortional strain from the A) Inactive Mill Creek fault geometry and the B) Active Mill 
Creek geometry relative to the respective reference model. The color of the circles indicates the difference between the prescribed slip 
rate and the rate from the unconstrained slip model. 
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Figure 2.5: Surface dextral slip rates along strands of the San Andreas fault for the unconstrained slip rate models (A and C) and the 
limit iteration modes (B and D) for each fault configuration. Vertical bars show the range in geologic slip rates at sites labeled in 
Figure 1. The shaded bands show the range in modeled strike-slip rates along each fault. 
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2.9 Tables 
 Reference models with 
unconstrained slip rates 
(mm/yr) 
Constrained to geologic slip 
rate range (mm/yr) 
Inactive Mill Creek 489 515 (5.3% increase) 
Active Mill Creek 482 532 (10.4% increase) 
Table 2.1: Total integrated distortion for the unconstrained and constrained models for 
each fault configuration. 
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CHAPTER 3 
 
OFF-FAULT FOCAL MECHANISMS NOT REPRESENTATIVE OF 
INTERSEISMIC FAULT LOADING SUGGEST DEEP CREEP ON THE 
NORTHERN SAN JACINTO FAULT 
3.1 Abstract 
Within the San Bernardino basin, some focal mechanisms show normal slip that is 
inconsistent with the expected interseismic strike-slip loading of the region. The 
discrepancy may owe to deep (> 10 km depth), creep along the nearby northern San 
Jacinto fault. The enigmatic normal slip microseismicity occurs to the northeast of the 
fault and primarily below 10 km depth, consistent with off-fault deformation due to 
spatially non-uniform on-going slip. Consequently, if these normal focal mechanisms are 
included in stress inversions from the seismic catalog, the results may provide inaccurate 
information about fault loading. Here, we show that off-fault loading from models with 
deep interseismic creep on the northern San Jacinto fault match the first-order pattern of 
observed normal slip focal mechanisms in the basin and that this deep creep cannot be 
detected with GPS data due to the proximity of the San Andreas fault. 
3.2 Introduction 
Earthquake rupture simulations that can inform regional seismic hazards are 
sensitive to estimates of current stress state along active faults (e.g., Harris et al., 2009; 
Ryan et al., 2015). Whereas borehole data from some localities can provide stress state 
information within the near surface, we rely exclusively on microseismicity data to 
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inform the stress state throughout the seismogenic crust (e.g., Hardebeck & Hauksson, 
2001; Heidbach et al., 2010). One assumption built into estimates of stress state from 
microseismicity is that the seismic catalog collected over the past several decades 
accurately represents the loading of active faults within California. This assumption is 
challenged by the limited duration of the seismic catalog compared to the 100-1000-year 
recurrence intervals along most faults within California. For example, in  the earthquake 
catalog, the San Andreas fault (SAf) south of Cajon Pass has had fewer earthquakes than 
nearby faults (e.g. Yang et al., 2012). Although the San Andreas fault has the greatest 
potential for large earthquakes in southern California (e.g. Field et al., 2014), it is 
relatively under-sampled within the seismic catalog because the fault is locked between 
the times of large earthquakes.  Furthermore, small earthquakes in the crust may record 
off-fault deformation rather than slip along the primary slip planes of active faults  
(Cheng et al., 2018). Where off fault deformation differs from loading of the primary 
faults, the stress state inferred from microseismicity may not accurately reflect the 
interseismic loading of the major active faults capable of producing ground rupturing 
earthquakes.  
While we might expect the focal mechanisms from recorded microseismicity 
along the southern SAf system to reveal that dextral deformation dominates this system, 
Yang et al. (2013) show that some regions, such as the San Bernardino basin, produce 
predominantly normal-slip microseismicity (Figure 3.1a). These focal mechanisms 
contrast the observations of long-term strike-slip along the nearby SAf (e.g., McGill et 
al., 2013, 2015) and San Jacinto fault (SJf) (e.g., Anderson et al., 2004; Onderdonk et al., 
2015). The normal slip focal mechanisms also disagree with crustal deformation models 
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of the region that show dextral interseismic loading of the region (e.g., Johnson, 2013; 
Loveless & Meade, 2011; Smith-Konter et al., 2011). Because dipping faults loaded in 
strike-slip will still produce strike-slip (e.g., Fattaruso et al., 2014), a non-vertical 
northern SJf, such as inferred along other portions of the SJf (Ross et al., 2017), could not 
explain the normal slip focal mechanisms. The observation of normal slip suggests that 
some of the recent microseismicity in the San Bernardino basin is not consistent with the 
expected strike-slip interseismic loading of the SAf and SJf flanking the basin.  
Slip gradients along strike-slip faults, such as near the tips of earthquake ruptures, 
can produce off-fault stresses and subsequent aftershocks that differ from the loading of 
the faults (e.g., Hardebeck, 2014; Oppenheimer, 1990). Yang et al. (2012) report 
temporary changes in focal mechanism slip sense after large magnitude earthquakes in 
southern California. Cheng et al. (2018) report off-fault aftershocks that have different 
slip sense from the earthquakes that occur along the Anza segment of the San Jacinto 
fault, to the south of the study area of this paper. Some of the normal slip earthquakes 
within the San Bernardino basin have been associated with secondary normal faults 
revealed by geophysical imaging of the top of the basement (Anderson et al., 2004). 
Small normal faults trend sub-parallel to the SJf and bound the edges of a local graben 
that developed where the SJf changes strike (Figure 3.1b). While strike-slip along the San 
Jacinto and/or San Andreas faults could promote extension of this graben and normal slip 
microseismicity in the San Bernardino basin, all faults in the region are presumed to be 
locked during the interseismic period of the seismic catalog.  Furthermore, the last large 
slip event in the region was over 200 years ago in 1812 (e.g., Lozos, 2016), and the 
current seismic catalog should be free of effects from that earthquake. Three-dimensional 
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deformation models of the region can simulate the interseismic accumulation of slip 
along faults below the seismogenic crust where the faults are presumed to be locked 
(Figure 3.1c; e.g. Marshall et al., 2009) . Such models with 20 km locking depth 
consistent with the base of seismicity in this region (e.g., Yang et al., 2012) produce off-
fault stress tensors at the 3D positions of focal mechanisms that show the preferred slip 
sense of off-fault deformation. Because this predicted slip sense assumes the presence of 
a preferentially oriented slip surface at each focal mechanism position, we add random 
noise to the model predictions equivalent to the -45˚ to 45˚uncertainty in focal 
mechanism rake (Yang et al., 2012). The model predicts overall strike-slip deformation 
of the region (Figure 3.1d). Consequently, the observation of normal slip microseismicity 
in the San Bernardino basin remains enigmatic in this region of dextral interseismic 
loading.  
We propose that some degree of unlocking of the San Jacinto fault could account 
for the observation of recent normal slip earthquakes in the San Bernardino basin.  
Spatially non-uniform creep at depth along the northern SJf may produce some degree of 
local extension within the basin. Consequently, the microseismicity in our multi-decadal 
catalog may record both interseismic dextral loading of the region as well as off-fault 
deformation associated with deep creep on the northern SJf. We use crustal deformation 
models to show the potential for slip to produce off-fault microseismicity that obfuscates 
our interpretation of fault loading from the seismic catalog. 
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3.3 Methods 
3.3.1 Reliable catalog of focal mechanisms in the San Bernardino basin 
We analyze the three-dimensional distribution of focal mechanisms in the San 
Bernardino basin to assess the spatial pattern of the enigmatic normal slip 
microseismcity. A catalog of relocated southern California focal mechanisms from 
January 1981 through September 2016 are available from the Southern California 
Earthquake Center database (Hauksson et al., 2012; Yang et al., 2012). We limit the 
analysis to focal mechanisms described by Yang et al. (2012) to have nodal plane 
uncertainty < 45˚. Figure 3.2a shows the 6108 focal mechanisms between Easting 455000 
and 500000 meters UTM zone 11 and Northing 3740000 and 3795000 meters.  In this 
region, the mean slip sense assessed with a 600-earthquake moving window remains 
around 1.2 during the time period of the seismic catalog, indicating overall normal and 
strike-slip focal mechanisms (black line on Figure 3.2a).  
Excluding earthquakes smaller than the magnitude completeness limit eliminates 
bias of including small earthquakes that are recorded because they occur close to seismic 
instruments. The completeness limit of the San Bernardino basin subset of the seismic 
catalog improves with time as seismic stations are added to the network. We calculate the 
evolving magnitude completeness limit using the maximum curvature method (Wiemer 
& Wyss, 2000) for a moving window of 600 earthquakes advanced in increments of 100 
earthquakes. The magnitude completeness reduces around 2002 and 2011 so that we can 
define three epochs of magnitude completeness limits (red line on Figure 3.2b). To 
determine a reliable focal mechanism catalog that exceed completeness, we exclude 
earthquakes smaller than M1.9 for epoch1 (1981 – 2001), smaller than M1.5 for epoch2 
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(2002-2010), and smaller than M1.1 for epoch3 (2011 – September 2016). The resulting 
catalog of 4304 reliable focal mechanisms shows consistent slip sense (1.2) throughout 
the 37-year catalog, suggesting that the catalog is not significantly impacted by transient 
changes, such as stress changes from nearby large earthquakes or anomalous periods of 
enhanced normal faulting (Figure 3.2c). 
3.3.2 Steady-state and interseismic crustal models of the region 
To simulate the stresses in the San Bernardino basin that drive interseismic 
microseismicity, we have developed 3D Boundary Element Method stressing rate models 
that simulate interseismic loading between earthquakes using a two-step approach.  For 
the first step, multiple earthquake cycles are simulated in a steady-state model where all 
portions of the fault surfaces slip. The second step of the approach implements a back-
slip approach to simulate the interseismic loading of the faults, where the slip distribution 
from the steady-state model is applied to faults below the prescribed locking depth (e.g., 
Marshall et al., 2009).   
For the first stage of interseismic model development, we produce a steady-state 
model of crustal deformation over many earthquake cycles. The model incorporates 
active fault surfaces of the region based on the SCEC Community Fault Model v. 4.0 
(Nicholson et al., 2013; Plesch et al., 2007) and re-meshed for more uniform triangular 
element size and coincident nodes along fault intersections (Figure 3.1c). While based on 
version 4.0 of the CFM, the fault model includes revised fault surfaces in the Eastern 
California Shear Zone and elsewhere that give better match to geologic slip rates (e.g., 
Fattaruso et al., 2014; Justin W. Herbert et al., 2014) and honors the mapped active fault 
traces of the USGS fault and fold database (USGS & CGS, 2006). The fault geometry 
  70 
used in this study follows that of the preferred model of Beyer et al. (in press) with 
revised resolution of the San Jacinto fault (average element length ~ 2.6 km). Within the 
3D models, faults are extended to 35 km depth, where they merge with a horizontal 
crack. Deformation along this crack simulates distributed deformation below the 
seismogenic crust.  Following Beyer et al. (in press), this study applies a plate tectonic 
movement equivalent to 47.5 mm/yr at 322.5˚ (e.g., DeMets et al., 2010) to the sides of 
the model that parallel plate velocity and a velocity gradient along the sides of the model 
perpendicular to plate velocity. Where faults meet the lateral edges of the model, the 
applied velocity has a step and corresponding slip rates are applied to the endmost patch 
of the fault to avoid slip rates going to zero at these artificial fault tips (Figure 3.1c). The 
shear traction-free faults in the center of the model slip in response to tectonic loading 
and interaction with each other. This low shear traction simulates dynamic conditions 
when most of the fault slip occurs.  
To simulate interseismic loading between large earthquakes, the interseismic 
models apply slip rates from the long-term model below a prescribed locking depth.  
Using this approach, these interseismic models can simulate deep creep.  To avoid a 
sharp step between slipping and locked regions, fault elements within a 2.5 km high 
transitional band above the locking depth are prescribed 50% of the slip rate values of the 
long-term model.  We explore the impact of varying locking depth from 7.5 to 20 km 
along the San Jacinto fault while all other faults have a 20 km locking depth.  In all the 
models, stress tensors are sampled at points in the model corresponding to the three-
dimensional locations of reliable focal mechanisms. This allows the model results to be 
directly compared to the observed seismicity. 
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3.4 Focal mechanism distribution supports deep creep along the northern San 
Jacinto fault 
Three aspects of the three-dimensional distribution of interseismic 
microseismicity in the San Bernardino basin are consistent with some degree of deep on-
going interseismic slip along the northern SJf. Firstly, the contrast of high rate of 
microseismicity along the SJf compared to the quiet nearby SAF (Figure 3.3a).  
Observations of abundant microseismicity adjacent to creeping faults (e.g., Harris, 2017) 
support the inference that the SJf could have active creep whereas the SAf is currently 
locked. Secondly, projecting the focal mechanisms of the reliable catalog into a north-
south profile reveals that most of the normal slip focal mechanisms of the San Bernardino 
basin occur below ~7.5 km depth (Figure 3.3b). If the on-going SJf slip is contributing to 
the off-fault normal slip microseismicity, then the fault below this depth may be creeping. 
Along the Anza section of the San Jacinto fault, south of this study area, normal slip 
microseismicity also occurs near the SJf at depths of 10-13 km (Cheng et al., 2018).  The 
discrepancy between locking depth of the Anza section of the SJf inferred from geodesy 
(11±3 km; Fialko, 2006)and the base of seismicity in this region (17±3 km) led to the 
inference of local creep below 10 km (Wdowinski, 2009), which is consistent with the 
depths of off-fault normal microseismicity along this section of the SJf (Cheng et al., 
2018). 
The third aspect of the focal mechanism distribution that supports deep on-going 
interseismic slip is that the normal slip focal mechanisms are primarily located northeast, 
and not southwest, of the SJf (Figure 3.3a). Regional extension should produce normal 
slip microseismicity on both sides of interseismic locked faults. However, this pattern is 
consistent with the results of steady-state crustal deformation models of the region that 
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simulate deformation over multiple earthquake cycles (Resor et al., 2018; Figure 3.4b).  
This model shows a southward increasing dextral slip rate along the northern San Jacinto 
fault that produces a region of positive dilation (increased mean normal tension) within 
the San Bernardino basin. This long-term dilation can promote normal slip 
microseismicity at distances far from the fault by unclamping potential slip surfaces 
relative to those outside of the basin. The location of off-fault dilation correlates to the 
location of slip rate gradient along the SJf (Figure 3.4b). Consequently, deep dilation 
consistent with the occurrence of normal slip microseismicity below ~7.5 km in the San 
Bernardino basin may be associated with on-going slip along the SJf below ~7.5 km.  
Deep on-going slip on the San Andreas fault could also produce dilation in the San 
Bernardino basin but the lack of microseismicity along the SAf suggests that this fault is 
locked. Taken together, the three-dimensional distribution of focal mechanisms within 
the San Bernardino basin is consistent with southward increasing creep rate along the 
northern SJf at depth. 
3.5 Simulating deep creep on the northern San Jacinto fault 
To investigate the impact of deep interseismic creep on the northern San Jacinto 
fault, we investigate the sensitivity of focal mechanism slip sense within the San 
Bernardino basin to locking depth along the northern SJf (San Bernardino and San 
Jacinto Valley segments). The interseismic models apply 20 km locking depth on all 
other faults, consistent with the general base of seismicity of the region (e.g. Yang et al., 
2012; Figure 3.3b).  The overall slip sense of microseismicity within the San Bernardino 
basin (grey region in Figure 3.5a) is best matched by interseismic models with locking 
depth < 12.5 km along the northern SJf (Figure 3.5b).  Results for locking depths of 7.5 
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and 10 km show similar fit within 1. The interseismic model with 10 km locking depth 
produces normal slip that is spatially consistent with the observed enigmatic normal slip 
focal mechanisms within the San Bernardino basin (Figure 3.5a).  The normal slip in the 
interseismic model occurs to the northeast of the San Jacinto fault near the gradient in 
dextral slip rate along the fault.  
While creep below 10-13 km has been inferred along the southern San Jacinto 
fault from geodetic evidence of shallow locking depths (Fialko, 2006; Smith-Konter et 
al., 2011; Wdowinski, 2009), geodetic inversions for the northern San Jacinto fault 
suggest a deep (~20 km) locking depth (Smith-Konter et al., 2011).  Because the San 
Jacinto and San Andreas faults approach within 10 km of each other at the San 
Bernardino basin, the inversions of geodetic data for locking depth in this region may not 
distinguish the locking depths of the SJf and SAf. To explore this, we compare the 
interseismic velocities at GPS sties from two models: one that has 20 km locking depth 
on all faults and another that has 10 km locking depth on the northern SJf and 20 km on 
all other faults. The station velocities from the two models cannot be distinguished from 
the observed GPS station velocities determined by Herbert at al. (2014) (Figure 3.5c). 
Consequently, geodetic data cannot eliminate deep creep on the northern San Jacinto 
fault as a potential mechanism for the off-fault normal slip microseismicity within the 
San Bernardino basin. 
3.6 Discussion 
Both the observed focal mechanisms and the model predicted slip show both 
normal and strike-slip microseismicity in the San Bernardino basin. Some differences in 
the predicted interseismic slip sense at locations of microseismicity and observed slip 
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sense reveal aspects of the model that may not adequately capture the 3D complexity of 
active deformation along the San Jacinto fault. Within the model, normal slip 
microseismicity occurs within a narrow band adjacent to the SJf with strike- and reverse 
slip outside of this band where the catalog records a combination of normal and strike-
slip focal mechanisms. The model may over-predict the proportion of normal focal 
mechanisms for several potential reasons. Firstly, the model calculates the slip sense on 
the most preferentially oriented slip plane off of the fault but, if instead, the 
microseismicity occurs on preexisting structures, the observed slip sense may differ from 
the model prediction. Similarly, the model does not consider interaction between 
earthquakes such as local normal microseismicity after small strike-slip earthquakes 
(Cheng et al., 2018). Another consideration is that the model may over-predict normal 
slip because the model incorporates complete unlocking of the SJf below the locking 
depth whereas partial unlocking may provide an off-fault stress state between that of 
dilation and interseismic strike-slip loading of the region. 
Within the model, faults that may have damage zones and complex secondary 
structures are modeled as single slip surfaces discretized into elements with constant slip. 
The nature of fault surface discretization within the model leads to artificially linear and 
abrupt transitions from slipping to transitional (1/2 long term slip rate) to locked portions 
of the fault. These abrupt transitions may produce a more localized pattern of normal slip 
microseismicity than observed. Furthermore, the model does not consider host rock 
heterogeneities and deformation along secondary faults (e.g. Anderson et al., 2004) that 
could act to promote interseismic normal slip microseismicity over a wider region. For 
example, deep creep along strands parallel to the modeled San Jacinto fault would 
  75 
broaden the predicted zone of off-fault normal faulting. Our analysis does not distinguish 
between localized creep on a single plane and a narrow zone of distributed creep, and 
either of these scenarios may be occurring at depth along the SJf.  
A rich aftershock catalog from the recent Borrego Springs 2016 earthquake shows 
evidence for a distributed zone of on-going deformation along southern San Jacinto fault 
where it splits into three sub-parallel strands (Ross et al., 2017). A similar investigation 
for the northern San Jacinto fault may yield further insight into the detailed structure of 
the fault. For example, such a study might confirm secondary structures that were 
interpreted from early seismic catalogs by Nicholson et al. (1986).   
Deep creep along the northern San Jacinto fault may impact seismic hazard 
estimates on this fault. Both the accommodation of slip along the fault and the 
accommodation of off-fault deformation within the adjacent crust via microseismicity 
and aseismic pervasive deformation mechanisms may reduce the interseismic loading on 
the deeper portion of the northern SJf, thereby reducing seismic hazard. We might also 
expect moderate or large earthquakes to nucleate at the transition between creeping and 
locked portions (Harris, 2017). Shallow sections of the northern SJf may have increased 
loading due to deep creep and greater potential for large earthquakes. 
The correlation between the slip sense of focal mechanisms in the San Bernardino 
basin and patterns of off-fault stressing rate from interseismic models with ~10 km 
locking depth on the San Jacinto fault suggests that the interseismic microseismicity of 
the basin records a component of permanent distributed off-fault deformation in the 
basin. This result is consistent with a recent study of normal slip focal mechanisms along 
the Anza section of the SJf (Cheng et al., 2018). If the focal mechanisms of the basin 
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were inverted to estimate interseismic stresses on the SJf and SAf, they would predict 
normal loading contrary to the long-term slip record of these faults. Using 
microseismicity that records this off-fault deformation may produce erroneous estimates 
of interseismic fault loading. Within the San Bernardino basin, the errors of focal 
mechanism inversions for fault stressing rate are compounded by the under-sampling of 
strike-slip earthquakes along the relatively quiet SAf. This study suggests that where 
faults creep, spatially non-uniform creep rates may produce heterogeneous off-fault 
deformation. Geodesy around the juncture of the creeping section of the San Andreas 
fault with the locked Carrizo section show off-fault dilation due to similar spatial gradient 
in creep rate as proposed here (Titus et al., 2011). Where faults exhibit creep at any 
crustal level, caution should be used when incorporating off-fault focal mechanisms to 
infer interseismic fault loading. 
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3.7 Figures 
 
Figure 7: a) Focal mechanisms with nodal plane uncertainty 10˚-45˚ from 1981 through 
September of 2016 in the relocated catalog of (Yang et al., 2012 and subsequent updates 
available from SCEC) with surface traces of faults active within the last 15 ka (USGS & 
CGS, 2006). Colors show slip sense as rake scaled to the 0-3 slip sense range of A 
(Simpson, 1997).  b). Basement depth inverted from gravity data shows secondary 
normal faults that flank the San Jacinto fault (taken from Anderson et al., 2004). The 
normal slip focal mechanisms extend beyond the interpreted graben. c) Model of 63 
active faults in the region used to build the steady state and interseismic models of crustal 
deformation. The lateral edges of the horizontal crack are loaded with plate velocities to 
simulate the regional tectonic loading (taken from Beyer et al., 2018). d) Slip sense 
predicted by interseismic crustal deformation model of c at locations of the earthquakes 
recorded in the catalog. Traces of modeled faults shown in black. Insets of a) and d) show 
histograms of slip sense. The normal slip focal mechanisms within the San Bernardino 
basin are not expected from interseismic loading of completely locked San Andreas and 
San Jacinto faults. 
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Figure 3.2: a) Focal mechanisms within the region of Figure 1. The average slip sense 
for a moving window of 600 earthquakes shown with black line. Warm colors are 
normal, cool colors are reverse, and green are strike-slip earthquakes b) Magnitude 
completeness limit for a moving window of 600 earthquakes advanced in 100 earthquake 
increments shown in blue. The stepped red line shows the three estimated stages of 
magnitude completeness during the record. C) The 4304 focal mechanisms that exceed 
the three-phased magnitude completeness limit have mean slip sense of 1.2 ± 0.04, 
indicating limited variation in slip sense during the record.  These earthquakes range in 
magnitude from 1 to 4.8 and depths from 1.2-20 km. (d-e) The log of frequency 
demonstrates the completeness of the catalog for each epoch: 1981 through 2001 (d), 
2002 through 2010 (e) and after 2011 (f). The completeness limit (red dashed line) 
decreases in each successive epoch. 
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Figure 3.3: a) Map view of reliable focal mechanisms that pass the completeness test, 
colored by slip sense. Normal slip focal mechanisms occur within the San Bernardino 
basin, between the San Andreas and San Jacinto faults. Dashed fault traces are the graben 
bounding normal faults imaged by Anderson (2004) in Fig. 1c. b) Focal mechanisms of 
the San Bernardino basin (grey region of a) projected into the A-A’ profile perpendicular 
to the San Jacinto fault. Slip sense color same as in a).  The normal slip focal mechanisms 
within the San Bernardino basin occur predominantly below 7.5 km depth. 
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Figure 3.4: Green arrows show the velocities from the 
steady state model that simulates many earthquake 
cycles. The divergence of this velocity field reveals 
regions of overall contraction (negative dilation blue) 
and extension (positive dilation red) due to slip 
distribution along the faults. Inset cartoon shows the 
set-up of the steady-state model. 
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Figure 3.5: a) Slip sense at locations of microseismicity from the interseismic model 
with locking depth of 10 km on the San Jacinto fault to simulate deep creep. The locking 
depth on all other faults is 20 km. Color indicates slip sense with random -45˚ to 45˚ 
noise added to the model results (distribution in top inset).  Inset cartoon shows the set-up 
of the interseismic model. Normal loading occurs at focal mechanism sites within the San 
Bernardino basin. GPS stations shown with labeled triangles. b) Mean interseismic 
loading within light grey region of A shown with 1 vertical bars. Models with SJf 
locking depth < 12.5 km better match the mean slip sense of focal mechanisms in the San 
Bernardino Basin. c) Transect along A-A’ (shown in A) of GPS station velocity parallel 
to the San Jacinto fault (J.W. Herbert et al., 2014), and velocity predictions from the 
interseismic model with a shallow locking depth on the SJf (pink star, same as results 
shown in A) and interseismic model with a 20 km locking depth on all faults (blue 
circle). The surface velocities cannot resolve deep slip on the SJf because of its proximity 
to the SAf. 
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CHAPTER 4 
 
CONSIDERING FAULT INTERACTION IN ESTIMATES OF ABSOLUTE 
STRESS ALONG FAULTS IN THE SAN GORGONIO PASS REGION, 
SOUTHERN CALIFORNIA 
4.1 Abstract 
Present-day shear tractions along faults of the San Gorgonio Pass region can be 
estimated from stressing rates provided by three-dimensional forward crustal deformation 
models. Modeled dextral shear stressing rates on the San Andreas and San Jacinto faults 
differ from rates resolved from the regional loading due to fault interaction. In particular, 
fault patches with similar orientations and depths on the two faults show different 
stressing rates. We estimate the present-day, evolved fault tractions along faults of the 
San Gorgonio Pass region using the time since last earthquake, fault stressing rates 
(which account for fault interaction), and co-seismic models of the impact of recent 
nearby earthquakes. The evolved tractions differ significantly from the resolved regional 
tractions, with the largest dextral traction located within the restraining bend comprising 
the pass, which has not had recent earthquakes, rather than outside of the bend, which is 
more preferentially oriented under tectonic loading. Evolved fault tractions can provide 
more accurate initial conditions for dynamic rupture models within regions of complex 
fault geometry, such as the San Gorgonio Pass region. An analysis of the time needed to 
accumulate shear tractions that exceed typical earthquake stress drops shows that present-
day tractions already exceed 3 MPa along portions of the Banning, Garnet Hill, and 
Mission Creek strands of the San Andreas fault. This result highlights areas that may be 
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near failure if accumulated tractions equivalent to typical earthquake stress drops 
precipitate failure. 
4.2 Introduction 
The southern San Andreas fault system consists of multiple active faults that 
accommodate the deformation between the North American and Pacific plates. Accurate 
estimates of the earthquake hazard in California require an accurate assessment of the 
potential for large through-going earthquakes and the ability for ruptures to propagate 
through fault intersections and complexities (e.g., Field et al., 2013). One region of such 
complexity is the San Gorgonio Pass region (SGPr), a restraining stepover along the 
southern San Andreas fault (Figure 4.1). Accurate dynamic rupture models of the SGPr 
that simulate potential rupture paths will help us assess the potential for large and 
damaging earthquakes through this region (e.g., Tarnowski, 2017; Douilly et al., 2017). 
Dynamic rupture models show that, in general, the size and extent of earthquake 
ruptures can depend highly on the initial conditions of the model (e.g., Oglesby et al., 
2005). These conditions include physical aspects, such as fault geometry and location of 
rupture nucleation (e.g., Lozos et al., 2012; Lozos, 2016; Tarnowski, 2017), and time-
dependent aspects, such as state of stress and frictional parameters (e.g., Kame et al., 
2003; Aochi and Olsen, 2004; Kase and Day, 2006; Duan and Oglesby, 2007). Dynamic 
rupture models typically prescribe initial shear and normal tractions by resolving the 
remote stress tensor, constrained from focal mechanism inversions, onto individual fault 
elements (e.g., Kame et al., 2003; Oglesby et al., 2003). This approach provides spatially 
variable ‘resolved’ tractions that capture the first-order loading of the faults but does not 
take into account the loading history, nor the prior stress interactions between faults. Not 
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only can individual earthquake events change tractions along nearby faults, advancing or 
retarding each faults’ earthquake clock (e.g., King et al., 1994; Stein, 1999; Duan and 
Oglesby, 2005), but interaction among neighboring active faults influences their long-
term slip rates and stressing rates (Willemse and Pollard, 1998; Maerten et al., 1999; 
Loveless and Meade, 2011). Stressing rates on any given fault can be estimated using 
geodesy (e.g., Smith and Sandwell, 2006). However, the total accumulated traction along 
any given fault segment depends on the accumulated tractions during the interseismic 
period as well as nearby rupture history (e.g., Smith-Konter and Sandwell, 2009; 
Richards-Dinger and Dieterich, 2012; Tong et al., 2014).  
To account for loading history and fault interaction and produce more accurate 
estimates of fault stress, we simulate deformation within the San Gorgonio Pass region 
using three-dimensional forward models that provide both slip rates over multiple 
earthquake cycles and stressing rates between earthquake events. Because we use slip 
rates over multiple earthquake cycles to drive models that simulate interseismic 
deformation, the resulting shear stressing rates incorporate the interactions between faults 
of the southern San Andreas fault system. The interseismic shear stressing rates along 
with information about time since last earthquake event can be used to estimate the shear 
traction on faults through the SGPr following the approach employed by Tong et al. 
(2014). The resulting estimates of shear traction may differ from resolving the remote 
stress tensor onto faults in that our models explicitly include fault interaction and fault 
loading from depth during the interseismic period. Furthermore, we incorporate the 
effects of recent earthquakes on faults near the SGPr to produce a more accurate estimate 
of the current stress state of this system. Using tractions that incorporate fault interaction 
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and loading history may enhance the accuracy of dynamic rupture models, refining our 
insight into the nature of potential earthquake rupture propagation within the San 
Gorgonio Pass region. 
4.3 Regional Geology – The San Gorgonio Pass region 
Through the San Gorgonio Pass region (SGPr), deformation is partitioned onto 
multiple, active and nonvertical fault strands (e.g., Matti et al., 1992; Figure 4.1). The San 
Bernardino strand of the San Andreas fault lies at the northwest end of the San Gorgonio 
Pass. Two potential rupture pathways go through the restraining bend connecting the San 
Bernardino strand to the Coachella segment of the San Andreas fault. The southern 
pathway consists of the San Gorgonio Pass thrust, Garnet Hill strand, and Banning strand 
of the San Andreas fault (Figure 4.1). The San Gorgonio Pass thrust dips to the north and 
has a corrugated geometry near the Earth’s surface (e.g., Matti et al., 1992). The eastern 
end of the San Gorgonio Pass thrust connects to the Garnet Hill and Banning strands. The 
north-dipping Garnet Hill and subparallel Banning strands have approximately the same 
strike. The northern pathway through the SGPr consists of the Mill Creek, Mission Creek, 
and Galena Peak strands of the San Andreas fault (Figure 4.1). Ongoing debate centers on 
the geometry and activity of these fault strands through the northern part of the SGPr 
(e.g., Kendrick et al., 2015; Beyer et al., 2018; Fosdick and Blisniuk, 2018). The San 
Jacinto fault is sub-parallel to the San Andreas fault and extends to within 2 km of the 
San Andreas fault at Cajon Pass. While the San Jacinto fault lies outside of the SGPr, it 
interacts with the San Andreas fault and consequently impacts both long-term slip rates 
(e.g., Herbert et al., 2014) and earthquake rupture paths (Lozos, 2016) on the San 
Andreas fault. 
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Recent paleoseismic data within the SGPr suggest that previous large through-
going earthquakes have a recurrence interval of ~ 1000 years, with the most recent 
earthquake rupture through the San Gorgonio Pass along the southern pathway in 1400 
AD (Heermance and Yule, 2017). Earthquakes along the San Bernardino strand (north of 
the restraining bend) and Coachella segment of the San Andreas fault (south of the bend) 
occur more frequently, with recurrence intervals of 200-300 years (e.g., Philibosian et al., 
2011; Field et al., 2013; Onderdonk et al., 2018). The difference in recurrence intervals 
outside of and inside of the restraining bed suggests that previous earthquakes that have 
ruptured along the San Bernardino and Coachella segments terminated at the restraining 
bend, which may be acting as an ‘earthquake gate’. During the interseismic period since 
the last rupture event through the bend, shear tractions have been accumulating along 
faults within the SGPr. Furthermore, recent earthquakes along faults surrounding the 
SGPr could impact the state of stress within the San Gorgonio Pass, and thus the shear 
and normal tractions along the faults. 
4.3.1 Recent earthquakes near the San Gorgonio Pass region 
To calculate the stress interaction effects from past earthquakes, we consider 
records of three ground-rupturing earthquakes that occurred within the past 300 years 
near the SGPr. While many smaller earthquakes have occurred within this region, these 
larger ground-rupturing events have the greatest potential to impact tractions along 
nearby faults. 
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4.3.1.1 1992 Landers earthquake 
The Landers earthquake occurred on June 28, 1992, rupturing five fault segments, 
striking northwest-southeast, in the Eastern California Shear Zone (Hart et al., 1993). The 
interaction of these faults created a linked fault network that generated an M7.3 
earthquake, which is larger than expected for any single fault involved in the rupture 
(Aydin and Du, 1995). The total rupture length is estimated at 85 km on the primary 
rupture trace (Sieh et al., 1993). The epicenter was located on the south portion of the 
Johnson Valley Fault, and the rupture traveled northward along the Landers-Kickapoo, 
Homestead Valley, Emerson, and Camp Rock faults, crossing two extensional stepovers 
and one compressional stepover (e.g., Aydin and Du, 1995; Madden and Pollard, 2012), 
while only rupturing parts of the Johnson Valley, Emerson, and Camp Rock faults (Sieh 
et al., 1993). All of the involved faults were previously mapped, with the exception of the 
Landers-Kickapoo fault (Hart et al., 1993). The Johnson Valley and Landers-Kickapoo 
faults each slipped locally more than 2 m and the central portion of the Homestead Valley 
fault slipped more than 3 m (Sieh et al., 1993; Aydin and Du, 1995). Slip exceeded 4 m 
on the Emerson fault, and a maximum dextral slip of approximately 6 meters occurred on 
the North Emerson Fault (Bryant, 1992; Sieh et al., 1993; Bryant, 1994).  
4.3.1.2 1812 Wrightwood earthquake 
The ~M7.5 earthquake that occurred on December 8, 1812 (here referred to as the 
Wrightwood earthquake), is one of the earliest earthquakes documented in the historical 
records of California; the rupture origin and extent are still uncertain. Evidence of this 
event has been observed within several paleoseismic trench sites along the San Andreas 
fault north of Cajon Pass (Weldon and Sieh, 1985; Seitz et al., 1997; Biasi et al., 2002; 
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Fumal et al., 2002; Weldon et al., 2002), with a maximum dextral slip of 4-6 m and 
possible northern rupture extent ~100 km north of the Cajon Pass (Bemis et al., 2016). 
The southern extent of rupture is not well constrained. The most recent event recorded at 
Plunge Creek on the San Bernardino strand (site 3 on Figure 4.1) is dated to within the 
1600s (McGill et al., 2002), but minor slip on secondary structures farther south along the 
San Bernardino strand, near Burro Flats (site 4 on Figure 4.1), dates to the early 1800s 
(Yule and Howland, 2001). Several paleoseismic sites along the northernmost strand of 
the San Jacinto fault record 1.8-3 m of slip during an early 1800s earthquake event 
(Kendrick and Fumal, 2005; Onderdonk et al., 2013; Onderdonk et al., 2015). Several 
have suggested the plausibility of the 1812 earthquake jumping the < 2 km extensional 
stepover between the San Andreas and San Jacinto faults (Figure 4.1) and involving both 
faults (Onderdonk et al., 2013; Onderdonk et al., 2015; Rockwell et al., 2015). Lozos 
(2016) used dynamic rupture models to investigate rupture scenarios that best fit the 
paleoseismic evidence and historical accounts of the Wrightwood earthquake. The 
models of Lozos (2016) suggest that the Wrightwood earthquake nucleated near Mystic 
Lake on the San Jacinto fault (site 8 on Figure 4.1), produced a maximum of 6 m of slip 
near Colton, and propagated north onto the San Andreas fault (maximum of 4-5 m of slip 
between Cajon Pass and Wrightwood). 
4.3.1.3 1726 Coachella Valley earthquake 
The Coachella segment of the southern San Andreas fault has not experienced a 
large earthquake in historical time. Paleoseismic studies reveal that the most recent 
earthquake is dated to 1726  7 (Rockwell et al., 2018), with a possible rupture trace 
extending from Salt Creek site along the Salton Sea (site 7 on Figure 4.1; Sieh and 
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Williams, 1990) to the Thousand Palms oasis site on the Mission Creek strand (site 5 on 
Figure 4.1; Fumal et al., 2002), with at least 2 m of dextral offset at the Indio site on the 
Coachella segment (site 6 on Figure 4.1; Sieh, 1986). 
4.4 Methods 
We use Poly3D, a quasi-static, three-dimensional boundary element method code, 
to simulate loading and interseismic deformation along the southern San Andreas fault 
system. Poly3D solves the relevant equations of continuum mechanics to calculate 
stresses and displacements throughout the model (e.g., Thomas, 1993; Crider and Pollard, 
1998). Faults are discretized into triangular elements of constant slip (no opening/closing 
is permitted) within a linear-elastic half-space. The element size along the faults of the 
San Gorgonio Pass region (SGPr) average ~4 km and allow for our models to capture 
fault irregularities as small as ~10 km. We simulate the active fault geometry of the 
southern San Andreas fault, the San Jacinto fault, and the Eastern California Shear Zone 
(Figure 4.2) based on the Southern California Earthquake Center’s Community Fault 
Model (CFM) version 4.0 (Plesch et al., 2007; Nicholson et al., 2017). The CFM is 
compiled from geologic mapping, seismicity, and geophysical data. While the CFM has 
been updated to version 5.2, the interpreted active fault geometry of the San Gorgonio 
Pass region is still under debate (e.g., Kendrick et al., 2015; Beyer et al., 2018; Fosdick 
and Blisniuk, 2018). We use version 4.0 of the CFM but include fault geometry 
modifications that serve both to improve the representation of the mapped active fault 
geometry and to improve the match of model and geologic uplift patterns and slip rates in 
the San Gorgonio Pass region (e.g., Cooke and Dair, 2011; Herbert and Cooke, 2012; 
Fattaruso et al., 2014; Beyer et al., 2018).   
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Faults in the CFM are defined to the base of the seismogenic crust. To simulate 
long-term and interseismic deformation, we extend the faults down to a freely slipping, 
horizontal basal crack at 35 km depth that simulates distributed deformation below the 
seismogenic zone (Marshall et al., 2009). This modification eliminates artifacts that 
develop when the long-term slip rates go to zero at the base of the CFM-defined faults 
(Figure 4.2). Across many earthquake cycles, deformation patterns are primarily 
controlled by fault geometry (e.g., Dawers and Anders, 1995; Fay and Humphreys, 2005; 
Herbert and Cooke, 2012). Therefore, to capture the first-order loading of active faults, 
we do not consider potential secondary impacts of heterogeneous and/or anisotropic rock 
properties. 
We prescribe the tectonic loading on the boundaries of the model base, far from 
investigated faults. Following Beyer et al. (2018), we implement an iterative technique 
that ensures a uniform tectonic velocity, determined from geodetic estimates (DeMets 
and Dixon, 1999) at the model edges that are sub-parallel to the plate boundary (sides 
labeled I on Figure 4.2) and a linear velocity gradient at the models edges that cross the 
plate boundary (sides labeled II on Figure 4.2). The iterative approach of Beyer et al. 
(2018) ensures that applied velocities are within ~1% of the desired tectonic loading. For 
faults that extend beyond our model area (San Andreas, San Jacinto, and Cucamonga-
Sierra Madre fault systems), we apply slip rates to distal edge patches of these faults to 
prevent non-zero slip rates on these faults at the edge of our model. We apply 35 mm/yr 
dextral slip to the San Andreas fault at the northwestern edge of the model (Weldon and 
Sieh, 1985). At the southeastern edge, we prescribe 25 mm/yr dextral slip to the San 
Andreas fault and 10 mm/yr dextral slip to the San Jacinto fault (e.g., Sharp, 1981; 
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Becker et al., 2005; Fay and Humphreys, 2005; Meade and Hager, 2005). Because of 
complex fault geometry and interaction among faults, deformation within the SGPr is not 
impacted significantly by variations in the partitioning of slip rates between the San 
Andreas and San Jacinto faults at this model edge (Fattaruso et al., 2014). We apply 1.6 
mm/yr reverse slip (McPhillips and Scharer, 2018) to the western edge of the modeled 
Cucamonga fault to account for deformation along the Sierra Madre fault not included in 
our model. 
We use a two-step modeling approach to estimate the interseismic stressing rates 
along the southern San Andreas fault system. The first model simulates deformation over 
many earthquake cycles (steady state model) providing slip-rate information to a second 
model (interseismic model) that simulates the build-up of stress between earthquakes due 
to constant slip below the locking depth. In the steady state model, tectonic loading is 
prescribed along the model edges at the base of the model, far from the investigated 
faults. The faults throughout the model have zero shear traction and slip freely in 
response to tectonic loading and fault interaction. This zero-shear traction simulates the 
low dynamic strength of faults during rupture (e.g., Di Toro et al., 2006; Goldsby and 
Tullis, 2011). We simulate interseismic deformation by applying the distribution of slip 
rates determined with the steady state model to fault surfaces below the prescribed 
locking depth and lock fault elements above the locking depth. The abrupt transition from 
locked to slipping at the specified locking depth used here produces stresses that are 
unreliable within one element of the transition, or ~ 5 km. We use a locking depth of 25 
km to ensure that our model results provide reliable fault tractions to about 20 km depth 
that can be used within dynamic rupture simulations within the full depth of the 
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seismogenic crust.  
4.4.1 Estimating the impact from nearby recent earthquakes 
We simulate the 1992 Landers earthquake, 1812 Wrightwood earthquake, and 
1726 Coachella Valley earthquakes by prescribing the interpreted co-seismic slip 
distribution associated with each earthquake (e.g., Sieh, 1986; Hart et al., 1993; 
Onderdonk et al., 2015) to the modeled fault surfaces. We segment the rupture surface 
into multiple vertical segments and prescribe each segment a uniform slip according to 
the observations at the rupture trace (Figure 4.4). All other faults in the model are locked, 
and we do not consider the effect of tectonic loading while simulating each earthquake 
due to the short rupture time. The resulting static stress changes due to each earthquake 
alters tractions along the faults within the SGPr. 
4.4.2 Estimating evolved tractions 
The interseismic model determines stressing rates due to deep movement below 
the seismogenic crust and uses these stressing rates to calculate current shear tractions 
along the fault segments of the southern San Andreas fault within the SGPr using the 
time since the last rupture. Estimating both shear and normal tractions from stressing 
rates requires an assumption on how such accumulated tractions may dissipate with time. 
This approach relies on the premise that shear tractions that accumulate during the 
interseismic period are released during earthquake events. Because normal tractions that 
accumulate in the interseismic period, such as within restraining bends, are not 
necessarily relieved upon fault slip, models of earthquake cycles require dissipation 
mechanisms in order to avoid singular-valued normal tractions. Duan and Oglesby (2006) 
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simulate multiple earthquake cycles by coupling a viscoelastic interseismic model with 
an elastic dynamic rupture model, such that normal stresses are relaxed during the 
interseismic period in the viscoelastic model and used as input to the dynamic rupture 
model. Alternatively, the Rate and State Earthquake Simulator (RSQSIM) employs a 
constant, but spatially variable normal stress distribution and disregards accumulated 
normal tractions (e.g., Richards-Dinger and Dieterich, 2012). Here, we follow the 
approach of RSQSIM and do not carry the normal stressing rates through the rest of the 
analysis. 
To estimate the shear traction that evolves over the earthquake cycle, henceforth 
called the evolved shear traction, we follow Tong et al. (2014) and use the stressing rate 
information from the interseismic model and the time since last event for each fault. In 
this approach, we only consider large ground-rupturing events that are preserved in the 
paleoseismic record. The approach analyzes a coseismic stress drop corresponding to the 
change from static friction to dynamic friction during large ground-rupturing earthquakes 
(shaded region in Figure 4.3). If the dynamic strength of the fault is near zero, a complete 
stress drop is associated with these events. Such complete stress drop is consistent with 
recent field measurements of low temperatures along recently ruptured fault surfaces, a 
result of a very low dynamic friction (e.g., Carpenter et al., 2012, Fulton et al., 2013, Li et 
al., 2015), as well as high-speed laboratory frictional experiments cited above. 
Consequently, the associated shear traction at any time in the earthquake cycle is  
 τ =  τ̇ ∙ t                                                     Equation 4.1 
where 𝜏 is the evolved shear traction, τ̇ is the shear stressing rate and t is the time since 
last event. We sum the evolved shear tractions calculated by Equation 4.1 and the static 
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stress changes due to nearby earthquakes to produce the present-day evolved shear 
tractions along the faults within the SGPr. This simplified approach to estimate the 
distribution of present-day shear tractions may provide more accurate initial conditions 
than the approach employed by dynamic rupture models of estimating tractions by 
resolving the remote loading onto the faults because the evolved tractions also 
incorporates both loading history and fault interaction, by including long term slip rates at 
depth and recent nearby earthquake events (Figure 4.3). 
4.4.3 Consideration of geometric and tectonic uncertainty 
Using models of deformation over multiple earthquake cycles, Beyer et al. (2018) 
compared the slip rate distribution from six plausible active fault configuration models to 
available geologic slip rate data. The analysis revealed that two active fault 
configurations provide the best fit to the geologic observations. For this study, we use 
both of the two best-fit models: the Inactive Mill Creek and West Mill Creek models from 
Beyer et al. (2018). The most pronounced fault geometry difference between the two 
configurations is the addition of a through-going Mission/Mill Creek strand through the 
northern part of the SGPr in the West Mill Creek model. Here, we present the results of 
the Inactive Mill Creek model geometry, and the Supplemental Material contains the 
results of the West Mill Creek model geometry. Following Herbert and Cooke (2012), 
Beyer et al. (2018) also tested each of the plausible fault configurations under a range of 
reasonable tectonic loading (45-50 mm/yr at 340˚-345˚; DeMets and Dixon, 1999); for 
this study, we use the mean slip rate from the end members of permissible tectonic 
loadings. 
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4.5 Results 
We present the interseismic stressing rates for faults of the San Gorgonio Pass 
region (SGPr) and show the impact of fault interaction on these rates. We analyze the 
results of the models that simulate three recent ground-rupturing earthquakes and the 
impact of these earthquakes on fault tractions within the SGPr. We then calculate the 
total evolved shear tractions that incorporate the impacts of both fault interaction and 
loading history.  
4.5.1 Stressing rates 
Maps of interseismic shear stressing rate along the southern San Andreas fault 
reveal how the fault geometry controls the stressing rate distribution (Figure 4.5). Figure 
4.5 shows stressing rates for the Inactive Mill Creek model configuration (Figure 4.5a 
and 4.5c) and the difference in stressing rates between the two plausible active fault 
geometries (Figure 4.5b and 4.5d). Dextral shear stressing rates are larger (maximum 12 
kPa/yr) than the reverse-shear stressing rates (maximum ~3 kP/yr) along the San Andreas 
fault. Furthermore, portions of the faults parallel to the overall plate motion, outside of 
the restraining bend, have greater dextral stressing rate than faults within the bend. 
Dextral shear stressing rates are largest along the San Bernardino and Mission Creek 
strands of the SAF and decrease within the restraining bend of the SGPr (Figure 4.5a). 
The San Gorgonio Pass thrust has an undulating strike and small sinistral shear stressing 
rates occur locally along patches of the western San Gorgonio Pass thrust where the strike 
is less than ~265˚. The reverse-shear stressing rates are near zero outside the restraining 
bend and increase within the bend along north-dipping fault strands that strike obliquely 
to the plate motion and accommodate uplift (Figure 4.5c). Stressing rates increase with 
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depth, consistent with the deep slip that is applied to faults in the interseismic model. The 
difference in stressing rates between the two best-fitting model geometries (Figure 4.5b 
and 4.5d) are lower than 1 kPa/yr and indicate that the West Mill Creek fault geometry 
produces higher dextral stressing rates (blue) throughout most of the region. The greatest 
difference in reverse-shear stressing rates is limited to within and just outside the bend. 
We only consider the Inactive Mill Creek fault geometry for the rest of our analysis, and 
consequently, reported shear tractions may underestimate by ~2% shear tractions if the 
true active fault geometry is closer to the configuration of our West Mill Creek model. 
To the first order, the strike-parallel shear stressing rate along the southern San 
Andreas fault correlates with the orientation of the fault segments relative to the applied 
model loading that simulates plate motions. Previous models of the region have shown 
significant interaction between the San Andreas and San Jacinto faults (Herbert et al., 
2014; Fattaruso et al, 2014), so we expand the analysis of stressing rates to include both 
of these faults in order to investigate the influence of fault interaction on stressing rates. 
The model produces different interseismic dextral shear stressing rates along similarly 
oriented portions of the San Andreas and San Jacinto faults. Figure 4.6 shows a gridded 
surface fit through model data points (white circles) of dextral stressing rates for different 
strikes and depths of the San Andreas (Figure 4.6a) and San Jacinto faults (Figure 4.6b). 
Stressing rates for both faults increase with depth, and in general, dextral stressing rates 
are higher on the San Andreas fault than on the San Jacinto fault for locations with the 
same strike and depth. For the San Andreas fault, maximum dextral stressing rate occurs 
at strikes between 300-305. Relative to the San Andreas, the variation of dextral 
stressing rate with strike along the San Jacinto fault is more subdued, but the distribution 
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shows a maximum strike stressing rate along segments that strike ~310. Both of these 
maximum shear orientations differ from the orientation expected from resolving the 
regional stress tensor (black line in Figure 4.6). The difference between dextral stressing 
rates along the San Andreas and San Jacinto faults and the expected distribution from 
resolved tractions demonstrates the strong impact of fault interaction on the distribution 
of fault stressing rates.  
The impact of fault interaction is also demonstrated in the relative stressing rates 
on the Banning and Mission Creek strands, which differs between the two plausible fault 
configurations (Figure 4.5). The presence of a through-going Mission Creek fault in the 
West Mill Creek model geometry (Figure S.4.1) shifts strike-parallel shear stressing rates 
from the Banning strand to the Mission Creek strand by ~ 0.1 kPa/yr. These differences 
in stress accumulation rates over the interseismic period demonstrates that fault 
interaction impacts the distribution of accumulated tractions along faults within a 
complex system.  
4.5.2 Impact of stresses from regional earthquakes 
To assess the impact of the recent nearby earthquakes along faults within the 
SGPr, we numerically simulate three ground-rupturing earthquakes. We simulate the 
Landers Earthquake, Wrightwood Earthquake, and Coachella Valley Earthquake and 
examine the static stress change due to each event (Figure 4.7).  Because we do not 
consider the potential relaxation of these crustal stresses over time (e.g., Pollitz and 
Sacks, 2002), the fault tractions from earthquakes modeled provide an upper bound to 
expected tractions.  
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The modeled static stress change from the 1992 Landers earthquake impacts 
tractions along faults within the San Gorgonio Pass restraining bend. The change in 
dextral tractions (positive) reach a maximum of ~0.1 MPa, along the San Gorgonio Pass 
thrust and a change in sinistral tractions (negative) of up to 0.15 MPa on the southern 
Garnet Hill, Banning, and Mission Creek strands of the SAF (Figure 4.7a). The San 
Gorgonio Pass region lies in the extensional quadrant of the Landers rupture, and as a 
result, the fault strands within the bend are loaded with normal dip-slip tractions of ~ 0.13 
MPa. This dip-slip traction change effectively reduces the accumulated long-term reverse 
dip-slip traction on these faults.  
 Change in co-seismic dextral tractions due to the 1812 Wrightwood earthquake 
increase the most (1.3 MPa) just south of the rupture limit on the San Bernardino strand, 
while the southernmost portion of the San Bernardino strand experiences sinistral traction 
changes of ~ 0.25 MPa (Figure 4.7b). The western San Gorgonio Pass thrust is loaded 
with dextral tractions (~ 0.4 MPa), while the Garnet Hill, Banning and Mission Creek 
strands experience slight (<0.1 MPa) increases in sinistral shear tractions. Furthermore, 
the western-most extent of the San Gorgonio Pass thrust has normal dip-slip shear, while 
the rest of the thrust and Garnet Hill strand has reverse dip-slip shear. These complex 
fault stressing patterns result from the location and orientation of the faults in relation to 
the Wrightwood rupture path. The close proximity of the dextral slip on the SJF to the 
subparallel fault strands of the SAF results in sinistral co-seismic traction changes on the 
SAF, which sits in the stress shadow of the Wrightwood earthquake. 
Traction changes imposed on the San Gorgonio Pass fault strands due to the 1726 
Coachella Valley earthquake reach ~ 1 MPa on the Mission Creek ahead of the rupture 
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termination and ~ 0.8 on the Banning strands near the junction with the Coachella 
segment (Figure 4.7c). Dextral tractions of up to ~ 0.1 MPa extend into the restraining 
bend. While these nearby earthquakes are shown here to impact the SGPr, all the 
resulting static stress changes due to these earthquakes are small compared to the total 
tractions accumulated along these faults during the interseismic period. 
4.5.3 Estimate of evolved stresses 
Paleoseismic data provide estimates for the time since last event, t, along active 
faults (e.g., Biasi et al., 2009; Table 4.1). We estimate the total present-day traction along 
each fault segment by summing the tractions from Equation 1 with the static traction 
change of each nearby earthquake. For the San Bernardino segment, we use time since 
last event from the compiled earthquake data of Biasi et al. (2009). Paleoseismic sites at 
Pitman Canyon (site 2 on Figure 4.1), Plunge Creek (site 3 on Figure 4.1), and 
Wrightwood (site 1 on Figure 4.1) provide a mean t of 207 years for the San Bernardino 
segment. Paleosismic constraints from the Thousand Palms Oasis site (site 5 on Figure 
4.1; Fumal et al., 2002) is used for the Mission Creek strand and the Coachella site (site 6 
on Figure 4.1; Philibosian et al., 2011) for the Coachella segment. These studies are in 
agreement that the last rupture event occurred circa 1680. This event has been re-dated by 
Rockwell et al. (2018) to be around the year 1726  7. For the San Gorgonio Pass thrust, 
Banning, and Garnet Hill strands of the SAF, we use an earthquake rupture year of 1400 
(Heermance et al., 2017; Yule et al., 2014).  
Due to the variable time since last earthquake event across faults of the SGPr, the 
evolved shear traction distribution along the fault surfaces (Figure 4.8a) differs 
significantly from the shear stressing rate distributions (Figure 4.5). Whereas dextral-
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shear stressing rates are lower along the north-dipping fault surfaces within the SGPr 
restraining bend than on fault surfaces outside of the bend (Figure 4.5a), the longer t for 
the faults within the restraining bend increases the total accumulated dextral shear 
traction within the bend relative to other faults (Figure 4.8a). Similarly, although the 
Coachella segment and the San Bernardino strand of the SAF have greater dextral 
stressing rates than the restraining segment, the more recent rupture of these segments in 
the 1726 and 1812 events, respectively, reduces the accumulated tractions outside the 
bend. The largest evolved dextral shear tractions arise along the Banning and Garnet Hill 
strands of the SAF near the juncture with the Coachella segment of the SAF (Figure 
4.8a). Regions of high dextral shear traction also arise along portions of the San Gorgonio 
Pass thrust. The evolved reverse shear tractions are greatest along the San Gorgonio Pass 
thrust within the restraining bend. We note that if the true active fault geometry is closer 
approximated by the alternative fault configuration (Figure S.4.1), the total evolved shear 
tractions may be underestimated by up to 2%. 
These evolved shear tractions take into account fault interaction (Figure 6), the t 
for each fault strand (Table 1), and the impact of recent nearby earthquakes (Figure 7). 
To assess the impact of fault history and interaction, we compare the evolved dextral 
shear traction (Figure 8A) to the fault tractions that result from resolving the regional 
stress tensor constrained from focal mechanism inversions onto the faults (Figure 8B). 
Following Tarnowski (2017), we use the orientation of the stress field and relative 
magnitude of the principal stress axes from Hardebeck and Hauksson (2001) and the 
stress ratio, A (Simpson, 1997), of 1.5, which indicates a mixed strike-slip and thrust 
stress regime. The resulting stress tensor is scaled such that the change from static to 
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dynamic friction results in a 3 MPa stress drop (e.g., Tarnowski, 2017) in order to 
represent the fault loading conditions preceding a large earthquake rupture. The larger 
magnitude of the resolved dextral shear tractions compared to the evolved tractions is due 
to the scaling of the regional stress to produce failure and a 3 MPa stress drop with a 
dynamic friction of 0.1. The evolved tractions to the current year (2019) are not explicitly 
at failure and these tractions exclude those required for dynamic sliding (non-shaded 
region of Figure 4.3). Consequently, we focus our comparison on the patterns of the 
evolved and resolved stresses rather than the absolute level of stress. The resolved 
tractions have greater lateral heterogeneity as the tractions range from 10 MPa dextral to -
5 MPa sinistral shear traction, where portions of the San Gorgonio Pass thrust receives 
sinistral shear from resolved loading. In contrast, the evolved tractions show dextral shear 
tractions everywhere on faults of the SGPr. Whereas the evolved shear tractions increase 
with depth, the remote stress tensor is not resolved for different depths.  
4.6 Discussion 
Here we discuss the impact of including fault interaction and the effects of recent 
nearby earthquakes on fault tractions, and the implications of this study’s findings for 
seismic hazard assessment. 
4.6.1 Resolved tractions likely oversimplify initial conditions for rupture 
Rupture propagation within dynamic models highly depends on the initial 
conditions used for the model (e.g., Kame et al., 2003; Duan and Oglesby, 2007; Lozos et 
al., 2012). These models have the power to simulate potential rupture size and extent, as 
well as potential rupture paths (e.g., Oglesby et al., 2003). Most rupture dynamic studies 
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either use a homogeneous regional stress field (e.g., Lozos et al., 2012) or a regional 
stress field with spatially rotating principal stress (e.g., Aochi and Fukuyama, 2002) to 
estimate the initial shear tractions on fault segments. Resolving the regional stress tensor 
onto faults does not account for fault interaction or the rupture history of each fault. 
Whereas these effects may be minimal in regions with planar faults, we show here that 
within regions of fault complexity, fault interaction and loading history can advance, or 
retard, the fault towards failure. Prescribing tractions that incorporate the effects of fault 
interaction and the loading history of each fault may improve the accuracy of dynamic 
rupture models. 
 Due to fault interactions over multiple earthquake cycles and the variable time 
since last earthquake event across faults of the SGPr, the evolved shear traction 
distribution along the fault surfaces (Figure 4.8a) differs from the tractions resolved from 
the regional stress state (Figure 4.8b). Whereas resolved dextral-shear tractions are lower 
along the north-dipping fault surfaces within the SGPr restraining bend than on faults 
outside of the bend (also seen in the stressing rates in Figure 4.5), the longer t for the 
faults within the restraining bend increases the total dextral shear traction compared to 
other faults (Figure 4.8a). Similarly, the more recent ruptures of the 1726 and 1812 
earthquake events reduce the accumulated tractions outside the bend, but not within. The 
largest dextral shear tractions arise along the Banning and Garnet Hill strands of the SAF, 
especially near the juncture of the Banning strand with the Coachella segment of the SAF 
(Figure 4.8a).  Furthermore, the evolved stresses do not produce enigmatic left-lateral 
loading on portions of the San Gorgonio Pass thrust of the resolved stresses. These 
structures do not show surface evidence for left-lateral slip (Yule and Sieh, 2003). 
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Consequently, the pattern of consistent dextral shear traction produced by the evolved 
stresses that include fault interaction and interseismic loading agrees with geologic 
evidence. Including evolved stress state for initial conditions within dynamic rupture 
models can produce more accurate assessment of rupture behavior along complex fault 
systems.   
4.6.2 Implications for seismic hazard 
To assess how close the faults of the San Gorgonio Pass region (SGPr) are to 
failure within our model of evolved fault tractions, we analyze the time until failure for 
each fault element. To consider this, we calculate how many years are required from the 
present day to accumulate evolved net shear tractions equivalent to typical earthquake 
stress drops of 3 MPa (Figure 4.9a) and 10 MPa (Figure 4.9b) (e.g., Allman and Shearer, 
2009; Goebel et al., 2015). Using this criterion, fault elements on the easternmost 
Banning, Garnet Hill, and Mission Creek strands currently exceed 3 MPa at the base of 
the model (ellipse in Figure 4.9a). When using 10 MPa for the accumulated traction 
required to trigger the next earthquake, the first fault element to fail is on the San 
Bernardino strand at 584 years from now (ellipse in Figure 4.9b). The difference in 
vulnerable position within the fault system owes to the greater stressing rate along the 
San Bernardino strand compared to the other faults. 
The time since last ground rupturing earthquake event for fault strands within and 
just outside the restraining bend are near or greater than the estimated recurrence interval 
for these fault strands, and paleoseismic studies in this region suggest these faults are 
probably overdue, or close to failure (Philibosian et al., 2011; Rockwell et al., 2018; 
Onderdonk et al., 2018). Consequently, while 3 MPa represents a low stress drop in the 
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SGPr (Goebel et al., 2015), this lower stress drop implies that these faults are close to 
failure, which is consistent with earthquake clock and recurrence intervals of these faults. 
4.7 Conclusions 
We use three-dimensional crustal deformation models to estimate present-day 
fault tractions in the San Gorgonio Pass region. The models that estimate interseismic 
stressing rates are loaded with deep slip rates determined from a multiple-earthquake-
cycle model that explicitly includes fault interaction. Consequently, the interseismic 
stresses incorporate both regional tectonic loading and fault interaction. A gradient of 
increasing shear stressing rates with depth emerges from our models that is consistent 
with deep interseismic deformation. To investigate the role of fault interaction within our 
models, we compare our modeled dextral shear stressing rates for the San Andreas and 
San Jacinto faults, which have similar orientation. Subsequently, the interseismic 
stressing rates would be similar on the two faults if based solely on orientation with 
respect to remote loading. Significant differences in the patterns of stressing rates along 
patches of the San Andreas and San Jacinto faults with similar orientation and depth arise 
due to the interaction between these two faults.  
The total evolved present-day shear tractions along the fault include both the 
accumulated stressing rates since the last earthquake event and the impact of nearby 
earthquakes. We simulate recent nearby ground-rupturing earthquakes with co-seismic 
models to investigate the impact of these rupture events on the stress state along the San 
Andreas fault within the San Gorgonio Pass region. The pattern of total evolved fault 
tractions differs from that of the interseismic stressing rates. Tractions are higher within 
the restraining bend than outside the bend because of the longer time since last event on 
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these faults. Fault strands within the restraining bend have been loading for twice as long 
as the Coachella segment to the south and three times as long as the San Bernardino 
strand to the north. Comparison of our evolved tractions to the tractions resolved from the 
local stress field shows distinct differences. While the linear gradient with depth emerges 
from our models, the resolved tractions are not depth dependent, and the gradient must be 
added. Because the evolved tractions account for loading history, the largest tractions 
occur within the restraining bend, which has the longer time since last event.  
 We investigate the time needed for the accumulated net shear traction on each 
fault element to exceed 3 MPa and 10 MPa, typical coseismic stress drop values. Because 
the interseismic stress rates differ for faults throughout the San Gorgonio Pass region, the 
location and timing of potential failure depends on the stress drop value used as the shear 
traction threshold. Assuming a lower stress drop value shows that faults in the San 
Gorgonio Pass are currently at failure, whereas higher stress drop values do not.  
This approach provides a more heterogeneous, more accurate representation of 
the current stress state along the southern San Andreas fault than a simple regional stress 
tensor. In regions of complex fault geometry such as the San Gorgonio Pass region, an 
‘earthquake gate’, the potential for a through-going rupture is unclear and stress state may 
have a large control on rupture behavior. Our evolved fault tractions can provide more 
realistic initial conditions for dynamic rupture models of these regions, and therefore 
improve seismic hazard assessments. 
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4.8 Figures 
 
Figure 4.1: Map of the San Gorgonio Pass region (SGPr). While there has not been a 
rupture event in the SGPr since ~1400 AD, recent nearby earthquakes may impact the 
stress within the bend. Fault traces of the San Andreas fault are labeled (GP – Galena 
Peak, SGPT – San Gorgonio Pass Thrust). Rupture traces considered in this study are 
highlighted: Landers earthquake (dark red), Wrightwood earthquake (red), Coachella 
Valley earthquake (orange), and 1400 event (yellow). Paleoseismic sites are numbered as 
such: 1 – Wrightwood, 2 – Pitman Canyon, 3 – Plunge Creek, 4 – Burro Flat, 5 – 
Thousand Palms, 6 – Indio, 7 – Salt Creek, 8 – Colton, and 9 – Mystic Lake. 
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Figure 4.2: Northward oblique view of the model setup. Tectonic loading is prescribed at 
the boundaries of the model base, such that sides labeled (I) have a uniform tectonic 
velocity parallel to the plate boundary and sides labeled (II) are prescribed a linear 
gradient in the tectonic loading across the plate boundary. The shear traction-free faults 
slip freely in response to the loading and fault interaction. Black box outlines the San 
Gorgonio Pass region. SAF - San Andreas fault; SJF - San Jacinto fault. 
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Figure 4.3: Schematic sketch of fault loading through time. During the interseismic 
period, the earthquake clock of a fault can be advanced or retarded by earthquakes on 
other nearby faults. If the dynamic strength of the fault is near zero, then the stress drop 
associated with the change from static to dynamic friction is a complete stress drop. 
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Figure 4.4: Northward oblique view of the San Gorgonio Pass region showing the 
distribution of the applied slip (in meters) associated with the nearby 1992 Landers (dark 
red), 1812 Wrightwood (red), and 1726 Coachella Valley (orange) earthquakes. 
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Figure 4.5: Modeled interseismic stressing rates along faults within the San Gorgonio Pass. This region is primarily loaded in dextral 
shear (red in A). North-dipping faults are also loaded in reverse dip slip (red in C). B and D show the difference in stressing rates 
between the two plausible fault configurations of Beyer et al. (2018); difference is slip rate from Inactive Mill Creek minus slip rate 
from West Mill Creek model configuration. 
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Figure 4.6: Modeled dextral stressing rates plotted with depth and fault strike for the A) 
San Andreas fault and B) San Jacinto fault. Model results are plotted as white circles, and 
a best-fit surface is fitted through the data (background grid). Patches along the two faults 
with similar orientation and depth have different values of shear stressing rates due to 
fault interaction. The orientations of magnitude of dextral shear stressing rate for both 
faults differ from the maximum shear direction predicted from the regional stress tensor 
(vertical black lines). 
 
  112 
 
 
Figure 4.7: Static stress changes from modeled recent, nearby earthquakes resolved as right-lateral tractions along faults of the SGPr. 
The Landers earthquake (A) increased dextral shear tractions along the San Bernardino strand and San Gorgonio Pass thrust, and 
decreased dextral shear tractions along the Garnet Hill, Banning, and Mission Creek strands. The Wrightwood earthquake (B) 
produces a complex change in tractions. The earthquake increased dextral shear tractions just east of the rupture termination on the 
San Bernardino strand but decreased dextral shear tractions further east due to the interaction with the neighboring San Jacinto fault, 
which had dextral slip. The Coachella Valley earthquake (C) increased dextral shear tractions on the easternmost Mission Creek and 
Banning strands. 
 
 
 
  113 
 
Figure 4.8: Evolved (A) and Resolved (B) right-lateral tractions along faults of the SGPr. 
The increasing shear traction with depth emerges from the evolved stresses due to deep 
slip in the interseismic models. The resolved tractions show greater lateral variation than 
the evolved tractions. Arrows indicate the direction of principle compression. 
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Figure 4.9: Faults of the SGPr colored by years until failure. (A) shows time until net 
shear tractions since the last earthquake exceed 3 MPa. With this criterion, fault elements 
on the Banning, Garnet Hill, and Mission Creek strands are currently at failure. (B) 
shows time until net shear tractions since the last earthquake exceed 10 MPa. Under this 
assumption, the first fault element to fail is on the San Bernardino strand at 584 years 
from present. Ellipses highlight the first elements to fail. 
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4.9 Tables 
Fault strand(s) Paleoseismic Site(s) 
Most recent 
EQ Year 
(AD) 
Time since 
last event 
(yr) 
San Bernardino  Pitman Canyon/Plunge 
Creek/Wrightwood (Biasi et 
al.,2009) 
1812 207 
Banning/SGPT/ 
Garnet Hill 
Millard Canyon (Heermance et al., 
2017, Yule et al., 2014) 
1400 619 
Mission 
Creek/Coachella 
1000 Palms/Coachella (Fumal et 
al., 2002; Philibosian et al., 2011; 
Rockwell et al., 2018) 
1726 293 
Table 4.1: Time since last event data used to calculate absolute shear stress from the 
interseismic stressing rate. 
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4.10 Supplemental information 
 
Figure S.4.1: Right-lateral (A) and reverse dip slip (B) stressing rates for the alternative 
fault configuration from Beyer et al. (2018). 
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CHAPTER 5 
 
EFFECTS OF LOADING RATE ON THE SPATIAL AND TEMPORAL 
DEFORMATION OF RESTRAINING BENDS 
5.1 Abstract 
While scaled physical experiments show the evolution and distribution of strain, 
numerical simulations of the experiments provide information about both the stress and 
strain fields, which can then be used to compute the full work budget of the system and 
provide further insight into the mechanisms that drive fault growth. Here, we use 
numerical models to investigate the effect of loading rates on deformation within 
restraining bends hosted within viscoelastic material. We use 2D finite element method 
models of a restraining bend geometry that simulate the fault geometry and material 
properties of scaled physical experiments of wet kaolin clay, a bi-viscous Burger’s 
material. We test the behavior of the material under two different loading rates. The 
models simulate the deformation of a 10° restraining bend with vertical fault segments. 
Off-fault deformation is concentrated at the fault bends and is more dispersed around the 
restraining segment of the fault. Faster loading rates produce less off-fault deformation 
around the restraining bend and more slip along the fault than slower loading rates. 
Kinematic efficiency of the system increases to steady state values of 90% for the fast 
loading rate and 80% for the slow loading rate. Lobes of increased Coulomb stress extend 
outward from the fault bends, indicating where new faults would initiate. While these 
results are consistent with observations from the physical experiments, the numerical 
models indicate new faults would initiate sooner with faster loading rates, which 
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contrasts observations of early new fault growth in the physical experiments with slow 
loading rates. 
5.2 Introduction 
Restraining bends are regions of contraction along a strike-slip fault that form at 
significant local deviations in fault strike. Restraining bends are mechanically inefficient, 
often associated with a decrease in fault slip and an increase in off-fault deformation 
(e.g., Gomez et al., 2007; Fitzgerald et al., 2014; McGill et al., 2015; Elliot et al., 2018). 
Analog models of the evolution of restraining bends (e.g., McClay and Bonora, 2001; 
Cooke et al., 2013; Hatem et al., 2015) have shown that restraining bends evolve over 
time to become more kinematically efficient, with multiple generations of new and 
dipping faults propagating from the fault bends and accommodating more fault slip. 
Scaled physical experiments show the evolution and distribution of 
displacement/strain, providing information such as the kinematic efficiency of the 
system, defined as the ratio of fault slip rate to the applied velocity. Numerical 
simulations can provide information about both the stress and strain fields throughout the 
modeled domain, providing information about the mechanical efficiency, or the work 
required to deform the system (e.g., Dempsey et al., 2012; Cooke and Madden, 2014; 
Yagupsky et al., 2014; McBeck et al., 2017). 
In this study, we simulate the scaled physical experiments of restraining bends in 
wet kaolin clay using finite element method models. Many numerical studies have used 
boundary element method models (e.g., Du and Aydin, 1993; Cooke and Dair, 2011; 
Cooke et al., 2013) and finite element method models (e.g., Harris and Day, 1999; Duan 
and Oglesby, 2006; Li et al., 2009; Liu et al., 2010; Nevitt et al., 2014; Nabavi et al., 
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2017) to investigate the mechanics of restraining bends. While each method has their 
advantages, finite element method models are better suited than boundary element 
method models for simulating non-linear rheology, such as the bi-viscous rheology of the 
wet kaolin clay. While the shear strength of wet kaolin is rate independent (Cooke and 
van der Elst, 2012), the partitioning of fault slip to off-fault deformation that governs 
kinematic and mechanical efficiency depends on loading rate. Just as the crust deforms 
elastically on short time scales, such as an earthquake event, and viscously on long time 
scales, the clay can deform both elastically and viscously. The bi-viscous nature of the 
clay (and the crust) suggests that deformation within the clay may be influenced by the 
rate of applied deformation, such that faster loading rates produces more fault slip and 
less visco-relaxation. We explore the impact of loading rate on the deformation and 
efficiency of a restraining bend in a bi-viscous Burger’s material and discuss the 
implications for models of fault systems and the Earth’s crust.  
5.2.1 Physical experiments of restraining bends in kaolin clay 
Researchers in the UMass Geomechanics lab have run physical experiments of a 
10° restraining bend with a 5 cm stepover in wet kaolin clay (e.g., Cooke et al., 2013; 
Hatem et al., 2015). The experimental apparatus is a steel box measuring 25 cm by 50 
cm. We pour the clay to a depth of 2.5 cm on top two steel basal plates with the 
restraining bend geometry. We pre-cut the fault with restraining bend in the clay using an 
electrified wire probe along a template. A computer-controlled stepper motor displaces 
one side of the experimental box at a fixed rate while the other side remains stationary. 
Two cameras mounted above the surface of the clay take photographs after every 0.25 
mm displacement. Digital Image Correlation (DIC) between successive photographs 
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provides incremental displacement fields that can track the evolution of the fault 
geometry and off-fault deformation within a ~ 15 cm x 30 cm region of interest 
throughout the physical experiment (e.g., Hatem et al., 2015; Toeneboehn et al., 2018). 
Wet kaolin clay is a bi-viscous Burger’s material that can serve as an analog 
material for the Earth’s crust. We adjust the water content of the kaolin such that the 
shear strength ranges between 90-115 Pa, to ensure the kaolin scales to the crust (e.g., 
Cooke and Van der Elst, 2012). We measure the strength prior to each experiment using a 
fall cone (DeGroot and Lunne, 2007) and adjust the water content accordingly. While we 
know the material properties of the intact clay, we do not have constraints on the strength 
of precut surfaces in the clay. Hatem et al. (2017) observed that before a through-going 
strike-slip fault develops, deformation is accommodated in a wide shear zone with 
echelon faults that eventually link up to form a through-going fault. Since models with a 
pre-cut fault do not produce a wide shear zone (e.g., Hatem et al., 2017) we infer that the 
strength of the pre-cut fault must be much lower than the intact clay, 100 Pa as 
determined by Cooke and van der Elst (2012).  
5.3 Methods 
We use COMSOL Multiphysics® v.5.4, a commercial finite element method 
software package, to investigate the effects of loading rate on restraining bend 
deformation and efficiency. The two-dimensional model geometry (Figure 5.1) assumes 
plane strain and the boundary conditions mimic those of the scaled physical experiments 
of restraining bends (e.g., Hatem et al., 2015). We model a 10° restraining bend geometry 
along a right-laterally slipping fault with a 5 cm stepover. The fault sits in a 
homogeneous model domain measuring 50 cm x 50 cm, and we use tetrahedral elements 
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with variable mesh size, fining towards the fault. We implement material properties for a 
bi-viscous Burger’s material, which consists of a Maxwell component and a Kelvin 
component in series, using the properties of the wet kaolin clay (Cooke and van der Elst, 
2012; Table 5.1).  
Frictional contacts deform non-linearly, with zero displacement until stresses 
reach the frictional failure strength (Equation 5.1). To solve such problems numerically, 
it is necessary to define a contact pair between mated boundaries. We create the fault of 
the restraining bend by defining a contact pair, which obeys Coulomb’s Law for frictional 
fault slip (Equation 5.1)  
 
Τ = μs σn + C,           Equation 5.1 
 
with a coefficient of friction of μs = 0.2 and cohesion of C = 20 Pa. These values are 
constrained to be less than those determined for the intact kaolin clay, which has internal 
friction of 0.6 and shear strength of 100 Pa. Thus, the values that we use for μs and C 
along the precut surface are significantly weaker than the intact kaolin.  
We impose a displacement boundary condition on the left plate, while holding the 
right plate fixed. We apply two boundary velocities, 0.6 mm/min and 6 mm/min, which 
correspond to motor speeds used for the scaled physical experiments and compare the 
deformation of the modeled fault system at steady state with that of the physical 
experiments. COMSOL Multiphysics® solves numerically for the displacement and 
stress fields through the duration of the model. A time-dependent solver loads each model 
for a total displacement of 40 mm. From the model results, we calculate 1) the 
  122 
incremental deformation fields, defined as the sum of the incremental vorticity (2*curl) 
and incremental divergence of the horizontal displacement field, 2) the Coulomb stress 
field, 3) the kinematic efficiency of the system, defined as the ratio of median fault slip 
rate across the region to the applied velocity, and 4) the external work on the system, 
which describes the mechanical efficiency. 
We calculate the incremental Coulomb stress following the methods outlined by 
King et al. (1994). Using a tension-positive convention, the orientation of the optimal 
failure plane can be defined as  
𝜓 =  𝜃 ±  𝛽 , where         Equation 5.2 
𝜃 =  
1
2
𝑡𝑎𝑛−1 (
2𝜎𝑥𝑦
𝜎𝑥𝑥−𝜎𝑦𝑦
) +  
𝜋
2
  , and         Equation 5.3 
𝛽 =  
1
2
𝑡𝑎𝑛−1 (
1
𝜇
) .          Equation 5.4 
We then calculate the Coulomb stress as 
 𝜎𝑐 =  𝜏 +  𝜇𝜎𝑛 , where        Equation 5.5 
 𝜏 =  
1
2
(𝜎𝑦𝑦 −  𝜎𝑥𝑥) sin 2𝜓 +  𝜎𝑥𝑦 cos 2𝜓  , and      Equation 5.6 
𝜎𝑛 =  𝜎𝑥𝑥𝑠𝑖𝑛
2𝜓 − 2𝜎𝑥𝑦 sin 𝜓 cos 𝜓 + 𝜎𝑦𝑦𝑐𝑜𝑠
2𝜓 .      Equation 5.7 
 
The external work (Wext) of a fault system reflects the overall mechanical 
efficiency of the system. A mechanically efficient system requires less Wext to 
accommodate the same tectonic deformation as an inefficient system. We follow Cooke 
and Madden (2014) and calculate Wext  as: 
𝑊𝑒𝑥𝑡 =  ∯(𝜏𝑢𝑠 +  𝜎𝑛𝑢𝑛)𝑑𝐵 .           Equation 5.8 
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5.3.1 Mesh refinement 
A mesh refinement study minimizes mesh sensitivity and model error due to 
spatial discretization. We use tetrahedral elements with a meshing scheme that fines 
inward from the boundaries to the fault. In COMSOL Multiphysics®, the contact pair 
includes source and destination boundaries. We define the contact boundary on the 
moving plate as the destination boundary. In order to minimize interpenetration of the 
contact, the destination boundary must be meshed finer than the source boundary, by at 
least a factor of two. Consequently, we use a relatively coarse mesh near the model 
boundaries and along the source boundary of the fault, with a maximum element length 
of 3 cm and test a range of element sizes along the destination boundary of the fault, from 
0.5 cm to 1.5 cm. While finer meshes are generally more accurate, they also require 
greater computation time. The mesh refinement study allows us to find the mesh size that 
provides adequate accuracy balanced with CPU demands. 
Figure 5.2 shows the distribution of cumulative slip along the length of the fault 
for the five different mesh sizes. The coarsest mesh size (1.5mm; blue line) produces ~ 
2.5 mm of slip within the restraining bend, while each of the finer mesh sizes produce 
similar slip (~ 2.4 mm) within the bend. The inset of Figure 5.2 plots the evolution of slip 
at the middle point in the fault bend (yellow star on model cartoon). The coarsest mesh 
(1.5mm; blue line) shows a slight decrease in right-lateral slip after loading initiates. 
Finer mesh sizes converge, showing similar slip evolution curves. Due to the small 
difference in model results with smaller mesh sizes but significantly longer computation 
times, we chose to carry forth the mesh with 0.8 mm elements through the rest of the 
study. 
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5.3.2 Tolerance and initial time step study 
To minimize model error due to temporal discretization within our models, we 
explore the effect of decreasing both the relative tolerance between time steps (Figure 
5.3a) and the initial time step taken by the time-dependent solver (Figure 5.3b) on the 
fault slip at the middle of the restraining bend. Relative tolerance is the maximum amount 
of error that is permitted in the solution at each time step. Both the relative tolerance and 
initial time step only significantly impact the early slip along the fault. When evaluating 
the impact of changing the relative tolerance, we allow the solver to auto-determine the 
initial time step, which is based on the total duration of the model. With the default 
tolerance of T = 0.01 (blue line; Figure 5.3a), the fault produces a decrease in right-lateral 
slip (left-lateral slip) after the initial loading step. Subsequently, the fault once again slips 
right-laterally. As we decrease the tolerance (red and yellow lines; Figure 5.3a), the right-
lateral slip along the fault increases monotonically. The cumulative fault slip of all 
models converges at ~ 0.6 mm of applied displacement. 
Using a relative tolerance of T = 0.0005, we decrease the initial time step taken in 
the time-dependent solver (Figure 5.3b). Constraining the initial time step (red, yellow, 
and purple lines) produces similar slip rate that converge almost at the start of the model, 
while allowing the time-dependent solver to auto-determine the initial time step (blue 
line) produces greater slip rate (~ 0.02 mm) on the fault at the start of the model. Again, 
all models converge at ~ 0.6 mm of applied displacement. The smallest initial time steps 
and tolerance tested here do not significantly impact our computation time, and thus, we 
use the model with 0.0005 relative tolerance and 0.001 s initial time steps for the 
remainder of this study. 
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5.4 Results 
Numerical models that accurately simulate the physical experiments can estimate 
stresses within the clay and inform our current understanding of what drives fault growth. 
Here, we present maps of incremental off-fault distortion at steady state, plots of slip rate 
along the restraining bend at steady state, and the evolution of kinematic efficiency 
through the duration of the model. We define steady state reached when the slip rate 
along the fault no longer changes, so that the slope of the kinematic efficiency curve is 
near zero. We compare the results of the numerical models to observations of faulting in 
the wet kaolin physical experiments. Because new faults begin to form in the physical 
experiment, we use the experimental observations from the stage of the experiment when 
slip rates are constant and prior to new fault growth. The numerical models simulate 
deformation accumulated over ~5 cm of plate displacement within the experiments. To 
compare the model results with experimental observations, we report the incremental 
deformation associated with 0.25 mm increment of plate displacement at a total applied 
displacement of 3 mm. 
5.4.1 Fault slip rate and kinematic efficiency 
Incremental slip along the fault decreases along the restraining segment of the 
fault relative to outside of the bend in both the numerical and physical experiments 
(Figure 5.4). The camera height above the clay surface in the physical experiments 
optimizes photo resolution but doesn’t capture the full length of the fault within the 
apparatus. However, the physical experiments (red and blue points) show less decrease of 
slip rate from outside to within the restraining bend than the two-dimensional numerical 
models (red and blue triangles). The slow physical experiment has lesser slip along the 
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restraining fault system than the faster experiments, similar to the numerical model 
results. Near the edges of the numerical models, all of the applied displacement is 
accommodated as slip along the fault, an effect of the boundary conditions. Slip gradually 
decreases away from the boundaries and towards the restraining bend, and at the fault 
bends (vertical black lines), slip decreases sharply. The numerical model at the slow 
loading rate (red triangles) produces less slip through the restraining bend than the 
numerical model at the fast loading rate (blue triangles). Small bumps in the numerical 
model slip outside the restraining bend are within 1 and are considered artifacts of the 
model.  
5.4.2 Evolution of kinematic efficiency 
We track the kinematic efficiency of the system through time (Figure 5.5) as the 
median incremental slip component in the x-direction accommodated along the length of 
the fault divided by the applied plate velocity. Kinematic efficiency is sampled at every 
0.25 mm of applied displacement, and we compare the efficiency of the 2D numerical 
models (red and blue triangles) to that of the 3D physical experiments (red and blue 
points). Kinematic efficiency of the physical experiments is only shown prior to the 
growth of new faults in the experiment. Error in the numerical models, calculated as one 
standard deviation, is shown as thin red and blue lines.  
Initially, the fault does not slip in any of the models (numerical or physical). As 
faults start to slip, kinematic efficiency increases sharply (Figure 5.5). The physical 
experiment with a slow loading rate (red points) reaches a steady state efficiency with 
less plate displacement than the fast loading rate experiment (blue points). The fast 
physical experiments have higher steady state kinematic efficiency, reaching a steady 
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state kinematic efficiency of ~ 85%, while the slow physical experiments only reach a 
steady state kinematic efficiency of 80%. Greater efficiency means greater portion of 
deformation is accommodated as fault slip. Unlike the physical experiments, the 
numerical models have a relative short delay of onset of slip (< 1 mm) compared to the 
physical models (slow - 9 mm and fast - 11.5 mm). The numerical model with the faster 
loading rate (blue triangles) shows a faster increase (steeper slope) in efficiency than the 
slower loading rate (red triangles). Furthermore, the faster loading rate model reaches a 
higher steady state kinematic efficiency (~ 90%) than the slower loading rate model (~ 
80%). These results for steady state efficiency are consistent with the incremental slip 
(Figure 5.4), with greater slip through the restraining bend and lesser off-fault 
deformation in the fast loading rate models. 
5.4.3 External Work  
We calculate the external work of the numerical models up until the models reach 
steady state (Figure 5.6). The external work considers the applied forces and 
displacements on the boundaries of the system, providing insight on the mechanical 
efficiency of the system. In general, the external work is greater in the model with the fast 
loading rate (blue circles) than in the model with slow loading rate (red triangles). The 
applied boundary displacements are the same for both numerical models, so the 
difference owes to greater tractions required to deform the fast model. This implies that 
although the fast model is kinematically more efficient than the slow model because it 
has greater fault slip than the slow model (Figures 5.4 and 5.5), the fast model is less 
mechanically efficient because it consumes greater work to deform.  
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5.4.4 Off-fault distortional strain 
We compare the patterns of incremental off-fault strain pattern of the model and 
the physical experiments prior to the formation of new faults. Off-fault deformation in the 
physical experiments (Figures 5.7c and 5.7d) is not as pronounced as in the numerical 
models due to the resolution of the DIC data. Some distortion can be seen at the fault 
bends of the experiment. The slow loading rate experiment shows greater off-fault 
deformation than the fast loading rate experiment (Figure 5.7c). In the numerical models, 
off-fault distortion is concentrated at the outside of the fault bends (Figure 5.7a and 5.7b). 
The numerical model with the slow loading rate produces a wider region of off-fault 
deformation than the model with a fast loading rate, with off-fault distortion 
encompassing the restraining segment of the fault (Figure 5.7a). In both the numerical 
and physical experiments, slower loading produces greater off-fault deformation of the 
bi-viscous material. The off-fault deformation arises at regions of changing fault slip at 
the fault bends, consistent with our expectations. 
5.5 Discussion 
The wet kaolin clay is a bi-viscous Burger’s material, so that deformation 
partitioning within the clay is velocity-dependent. We see this behavior in the timing of 
new fault growth and the overall kinematic efficiency of the experimental fault system. 
The numerical models are consistent with the experimental observations. The numerical 
models and physical experiments with a faster loading rate produce less off-fault 
distortion (Figure 5.7) and more slip along the fault (Figure 5.4). The high off-fault 
distortional strain at the fault kinks (Figure 5.7) highlight where the fault geometry is 
inefficient at accommodating the applied deformation due the local change in fault 
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geometry (Figure 5.4). As the velocity of applied deformation increases, off-fault 
distortion decreases, and kinematic efficiency of the system increases (Figure 5.5). The 
faster loading rate allows less time for viscous relaxation of the material, causing the 
material to behave more elastically.  
We should note that these results differ from those presented in Hatch and Cooke 
(2018). The models of Hatch and Cooke (2018) were flawed due to the inclusion of 
inertial terms. Since we do not expect large accelerations of the material, the current 
models presented here are quasi-static. 
The first order patterns presented here in the off-fault distortion and kinematic 
efficiency are similar between the numerical models and physical experiments; however, 
the magnitudes of the slip and distortion differ in the results of the numerical models and 
physical experiments. These differences may be due to the fact that the numerical models 
are currently only two-dimensional. In the physical experiments, deformation is being 
driven from the basal plates and faults propagate upward from the basal discontinuity 
(Hatem et al., 2017). The numerical models cannot, at this stage, capture the mechanics 
of the physical experiments at depth. Furthermore, we do not have tight constraint on 
fault strength. Varying fault properties will alter the incremental slip values in the 
models. For example, the coefficient of sliding friction may impact the peak steady state 
efficiency of the system, with higher friction decreasing the peak efficiency of the 
system, while greater cohesion may increase the delay of onset of initial slip along the 
fault (Figure 5.5). 
The external work of the numerical models (Figure 5.6) indicates that the fast 
loading rate models are mechanically less efficient than the slow models. Because 
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external work considers the forces and displacements applied to the boundaries, we can 
infer how changes to fault strength will impact the external work required to deform the 
system. The kinematic efficiency of the system (Figure 5.5) shows how much of the 
applied displacement is accommodated as fault slip. If we were to increase the fault 
strength, we presume that the amount of fault slip would decrease and the external work 
would increase as greater force is needed to deform the model. An increase in fault 
strength would result in an increase in external work. However, because the model with a 
slow loading rate can more effectively dissipate stresses via visco-relaxation, the increase 
in external work related to an increase in fault strength would be greater in the model 
with a fast loading rate. 
5.5.1 Growth of new faults 
In the physical experiments, new faults grow from the outside of the fault bends 
(red tick marks on Figure 5.8). Coulomb stress maps show where stresses are nearest 
failure and can be used to predict the location and orientation of incipient faulting. These 
predictions can be compared to experimental observations of fault growth. Maps of 
incremental Coulomb stress (Figure 5.8) for planes of optimal orientation (orientation of 
black lines) at steady state show lobes of high Coulomb stress outside of the fault bends 
that can predict the locations of new fault growth. Slower loading rates (Figure 5.8a) 
produce smaller regions of high stress at the bends and lower values of Coulomb stress 
than the faster loading rates (Figure 5.8b) due to visco-relaxation in the Burger’s 
material. At slower loading rates, the material can flow around the fault bends. These 
regions of high shear stress indicate where we would expect new faults to grow if the 
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models allowed for it. The results are consistent with the record of faulting in the physical 
experiments.  
5.5.2 Impact of longer relaxation times evident in numerical model with slow 
loading rate 
If we were to run the numerical models for a total plate displacement of 40 mm, 
the fast loading rate model would simulate ~ 6.7 minutes and the slow loading rate model 
would simulate ~ 67 minutes. This difference in simulated time allows for greater visco-
relaxation of the modeled Burger’s material in the model with a slow loading rate. The 
relaxation time of the Maxwell component of the Burger’s material is ~ 14 minutes, 
which means that models with the fast loading rate may not show significant effects of 
the viscous rheology since the loading is finished before the material has time to relax to 
1/e of the initial stress.  
To better understand the temporal impact of the Maxwell component of the 
Burger’s material, we run the slow and fast loading rate models to a total displacement of 
40 mm, as well as a second slow loading rate model with double the relaxation time of 
the Maxwell component. Figure 5.9 compares the kinematic efficiency of the three 
numerical models. Once reaching steady state, the kinematic efficiency of the fast loading 
rate model (blue triangles) is consistent through the full applied displacement, while the 
kinematic efficiency of the slow loading rate model (red triangles) decreases from the 
peak efficiency at steady state. Increasing the Maxwell relaxation time of the Burger’s 
material in the slow loading rate model (orange triangles) increased the overall efficiency 
of the model so that the fault system had larger slip and less off-fault deformation. By 
increasing the relaxation time, less off-fault stress dissipates by viscous relaxation and the 
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fault has greater slip. This indicates that the deformation in models (and physical 
experiments) with slower loading rates is significantly impacted by the Maxwell 
component of the Burger’s material, whereas the models (and physical experiments) with 
faster loading rates may finish prior to significant Maxwell deformation. 
5.5.3 Implications for crustal deformation and modeling 
Crustal rocks demonstrate bi-viscous rheology similar to that of the kaolin clay. 
Consequently, regions of high strain rate may have different expression of faulting than 
regions of low strain rate. High strain rate regions may develop off-fault deformation at 
fault irregularities that promote growth of new faults that might subsequently increase the 
efficiency of the fault system. In contrast, inefficient geometric irregularities along faults 
may be longer-lived in slow strain rate regions because stresses do not accumulate to 
levels sufficient to grow new faults. 
The velocity-dependent behavior of the clay may have implications for how the 
crust should be most accurately modeled. The faster we deform the clay, the more elastic 
it behaves. When the crust is modeled as elastic, we assume that the loading rate is too 
fast for any viscous response of the crust. This is appropriate for deformation that 
happens over earthquake time spans (seconds to minutes) but is less appropriate for 
deformation over longer time spans. Thus, elastic models may approximate too much slip 
in areas of complex fault geometries. For example, Beyer et al. (2018) investigate the 
active fault configuration within the San Gorgonio Pass region by matching numerical 
slip rates to available geologic slip rates. The fault geometry controls the first-order 
deformation. Furthermore, because most fault slip occurs during earthquakes, these 
elastic models match many of the geologic slip rates through the region. If similar models 
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were run in a Burger’s rheology, we could expect similar results because the Burger’s 
rheology reacts elastically under fast loading rates. 
5.6 Future work 
To the first order, many of the differences seen here between the numerical model 
results and the physical experiments may be explained by the two-dimensionality of the 
numerical models and unconstrained strength of the fault. Additional studies will develop 
three-dimensional models of the scaled physical experiments. Once the three-dimensional 
models are working and validated, we will calibrate the model to tune the fault strength 
values to the experimental observations. This may help constrain the strength of the clay 
along the pre-cut and slipping fault. 
Once we expand our models to three dimensions, we can investigate the driving 
mechanisms for fault growth. By simulating snapshots in time of fault system evolution, 
we can solve for the stresses and strains throughout the modeled domain and calculate 
external work. This will allow us to see if the system evolves to minimize the external 
work of the system.  
Additionally, our current model geometry of the restraining bend has sharp 
corners at the fault bends. These corners introduce singularities to our models. We will 
refine our fault geometry by adding rounded corners at the fault bends. In COMSOL, this 
is done with fillets of a small radius. Eliminating corners and smoothing out the 
restraining bend geometry may reduce artifact singularities and produce more robust 
results near the fault bends. 
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5.7 Conclusions 
We use two-dimensional finite element models to investigate the impact of 
loading rate on the deformation of restraining bends in a bi-viscous Burger’s material. 
We simulate scaled physical experiments of a 10° restraining bend geometry along a 
right-laterally slipping fault with a 5 cm stepover in wet kaolin clay. Fault bends 
concentrate high off-fault distortional strain. Slip decreases at the fault bends and off-
fault distortion increases. Loading rate impacts the relative amount of distortion and fault 
slip within the restraining bend. Faster deformation rates increase the efficiency of the 
system, decreasing off-fault deformation and increasing the amount of fault slip. These 
results differ in absolute value but are consistent with physical experiments of 10˚ 
restraining bends in wet kaolin clay.  
Off-fault distortion maps indicate where the system is inefficient at 
accommodating the applied deformation, and Coulomb stress is greatest where off-fault 
distortion is concentrated. While the numerical models do not grow new faults, the maps 
of Coulomb stress indicate that new faults would grow outward from the fault bends, 
which is consistent with observations of new fault growth in the physical experiments.  
Finally, deforming the clay at faster velocities decreases the amount of visco-
relaxation, allowing the clay to behave more like an elastic material, while deforming the 
clay at slower velocities increases the amount of visco-relaxation. This has implications 
for how we should model the Earth’s crust. In low strain rate regions, fault models that 
approximate the crust as elastic may overestimate the efficiency of the system, and thus 
the amount of fault slip, which has consequences for seismic hazard assessments. 
However, models with a Burger’s rheology allows for velocity-dependent deformation, 
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which could improve our understanding of the deformation of complex fault systems in 
regions of different strain rates. 
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5.8 Figures 
 
Figure 5.1: Schematic of numerical model geometry and boundary conditions. The fault 
has a 10 restraining bend with a 5 cm stepover. We hold the right side of the model fixed 
while applying a constant velocity to the left side. 
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Figure 5.2: Results of mesh refinement study. The model is most sensitive to mesh size 
within the restraining bend, where fault slip decreases significantly. Mesh sizes finer than 
1.5 cm converge to a single slip value within the restraining bend. Inset: evolution of 
fault slip with applied displacement for the center point along the fault (indicated with 
gold star on cartoon). All mesh sizes converge to a single curve after 0.7 mm of applied 
displacement. 
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Figure 5.3: Results of the (A) tolerance and (B) initial step size studies. Fault slip at the 
center point along the fault is queried (gold star on cartoon). After 0.6 mm of applied 
displacement, both the tolerance and initial step size studies converged to a single curve. 
For all models henceforth, we use a tolerance of T = 0.0005 and an initial time step size 
of 0.001 second. 
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Figure 5.4: Kinematic efficiency at steady state through the restraining bend for the 
numerical models (triangles) and physical experiments (points), prior to new fault growth 
in the physical experiments. A best-fit line is fit through the physical experiment data. 
The slow (red) numerical model accommodates approximately the same amount of slip 
along the fault as the slow physical experiment, while the fast (blue) numerical model 
accommodates more slip than the fast physical experiment. Vertical black dashed lines 
indicate where the fault bends are located. 
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Figure 5.5: Plot of kinematic efficiency with applied displacement. The numerical models are plotted as triangles and the physical 
models are plotted as points. While the numerical models do not match the exact kinematic efficiency of the physical experiments, the 
patterns of evolution match well. 
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Figure 5.6: Evolution of external work for the fast and slow numerical models up until 
steady state at 3mm applied displacement. In general, the fast loading rate model is less 
mechanically efficient, requiring more external work. 
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Figure 5.7: Surface maps of off-fault distortional strain. A-B are the results of the slow and fast numerical models, respectively, and 
C-D are the slow and fast physical experiments, respectively. Off-fault distortion is concentrated at the fault bends in the numerical 
models, with the slow numerical producing significantly more distortion within the restraining bend. The physical models show more 
noise than the numerical models, but the slow physical experiment (C) shows slightly increased distortion near the fault bends. 
 
  
Model Model 
Experiment Experiment 
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Figure 8: Incremental Coulomb stress at 3 mm displacement, with an overlay of failure plane orientations, for numerical models with 
a A) slow loading rate and B) fast loading rate. Stresses are concentrated at the fault bends, indicating that new faults would likely 
propagate outward from the bends. Position and orientation of new fault growth in the physical experiments are indicated by a red 
fault increment. 
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Figure 5.9: Kinematic efficiency of numerical models with a total applied displacement of 40 mm. The model with a fast loading rate 
stays at a consistent kinematic efficiency through the duration of the model, whereas the model with the slow loading rate decreases 
after reaching an initial steady state. An additional slow loading rate model with twice the Maxwell viscosity shows the impact of the 
Maxwell viscosity on the relaxation of the Burger’s material. Because of the long model run time, the slow loading rate models are 
significantly impacted by the relaxation times of the modeled Burger’s material. As the viscosity (and relaxation time) of the material 
is increased, the effect on the deformation of the system is decreased. 
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5.9 Tables 
Material Properties 
Gm = 2.0e4 Pa ηm = 8.5e6 Pa*s Gk = 3.0e4 Pa ηk = 1.3e6 Pa*s 
Table 5.1: Model material properties for a Burger’s material that simulates properties of 
the wet kaolin clay used in the University of Massachusetts Geomechanics scaled 
physical experiments, as determined by Cooke and van der Elst (2012). 
 
 
  146 
BIBLIOGRAPHY 
Allmann, B.P. and Shearer, P.M., 2009. Global variations of stress drop for moderate to 
large earthquakes. Journal of Geophysical Research: Solid Earth, 114(B1). 
Anderson, M., Matti, J., & Jachens, R., 2004. Structural model of the San Bernardino 
basin, California, from analysis of gravity, aeromagnetic, and seismicity data. Journal 
of Geophysical Research: Solid Earth, 109(4). https://doi.org/10.1029/2003JB002544 
Aochi, H. and Fukuyama, E., 2002. Three‐dimensional nonplanar simulation of the 1992 
Landers earthquake. Journal of Geophysical Research: Solid Earth, 107(B2), 
pp.ESE-4. 
Aochi, H. and Olsen, K., 2004. On the effects of non-planar geometry for blind thrust 
faults on strong ground motion. In Computational Earthquake Science Part II (pp. 
2139-2153). Birkhäuser, Basel. 
Aydin, A. and Du, Y., 1995. Surface rupture at a fault bend: The 28 June 1992 Landers, 
California, earthquake. Bulletin of the Seismological Society of America, 85(1), 
pp.111-128. 
Becker, Thorsten W., Jeanne L. Hardebeck, and Greg Anderson, 2005, Constraints on 
Fault Slip Rates of the Southern California Plate Boundary from GPS Velocity and 
Stress Inversions: Geophysical Journal International v.160, p.634–650. 
https://doi.org/10.1111/j.1365-246X.2004.02528.x. 
Behr, W. M., D. H. Rood, K. E. Fletcher, N. Guzman, R. Finkel, T. C. Hanks, K. W. 
Hudnut, et al., 2010, Uncertainties in Slip-Rate Estimates for the Mission Creek 
Strand of the Southern San Andreas Fault at Biskra Palms Oasis, Southern California: 
GSA Bulletin v.122, p.1360–1377, https://doi.org/10.1130/B30020.1. 
Bemis, S., Scharer, K.M., Dolan, J.F. and Rhodes, E., 2016. The Elizabeth Lake 
paleoseismic site: Rupture pattern constraints for the past~ 800 years for the Mojave 
section of the south-central San Andreas Fault. In 7th international INQUA workshop 
on paleoseismology, active tectonics and archaeoseismology. 
Beyer, J., Cooke, M.L. and Marshall, S.T., 2018. Sensitivity of deformation to activity 
alongthe Mill Creek and Mission Creek strands of the southern San Andreas fault. 
Geosphere, 14(6), pp.2296-2310. 
Biasi, G.P., Weldon, R.J., Fumal, T.E. and Seitz, G.G., 2002. Paleoseismic event dating 
and the conditional probability of large earthquakes on the southern San Andreas 
fault, California. Bulletin of the Seismological Society of America, 92(7), pp.2761-
2781. 
Biasi, G. P., & Weldon, R. J., 2009, San Andreas fault rupture scenarios from multiple 
paleoseismic records: Stringing pearls: Bulletin of the Seismological Society of 
America, 99(2A), p.471-498. 
  147 
Binnie, Steven A., William M. Phillips, Michael A. Summerfield, L. Keith Fifield, and 
James A. Spotila, 2008, Patterns of Denudation through Time in the San Bernardino 
Mountains, California: Implications for Early-Stage Orogenesis: Earth and Planetary 
Science Letters v.276, p.62–72, https://doi.org/10.1016/j.epsl.2008.09.008. 
Blisniuk, K., T. Rockwell, L. Owen, M. Oskin, C. Lippincott, M. Caffee, and KJ. Dortch, 
2010, Late Quaternary slip rate gradient defined using high-resolution topography 
and 10Be dating of offset landforms on the southern San Jacinto fault zone, 
California: Journal of Geophysical Research, v.115, doi:10.1029/2009JB006346. 
Blisniuk, K., K. M. Scharer, W. D. Sharp, R. Burgmann, M. J. Rymer, T. K. Rockwell, 
and P. L. Williams, 2012, Rapid Late Quaternary Slip on the San Andreas Fault Zone 
in the Coachella Valley and the Distribution of Slip across the Pacific-North America 
Plate Boundary: AGU Fall Meeting Abstracts. 
http://adsabs.harvard.edu/abs/2012AGUFM.G22B..05B. 
Blisniuk, K., K. M. Scharer, W. D. Sharp, R. Burgmann, M. J. Rymer, and P. L. 
Williams, 2013, New Slip Rate Estimates for the Mission Creek Strand of the San 
Andreas Fault Zone: AGU Fall Meeting Abstracts. 
http://adsabs.harvard.edu/abs/2013AGUFM.T42A..01B. 
Bryant, W.A., 1992. Surface rupture along the Johnson Valley, Homestead Valley, and 
related faults associated with the M 7.5 28 June 1992 Landers Earthquake. Div. Mines 
Geol. Fault Eval. Rep, 234. 
Bryant, W.A., 1994. Surface fault rupture along the Homestead Valley, Emerson, and 
related faults associated with the Mw 7.3 28 June 1992 Landers earthquake. Fault 
Eval. Rep. FER, 239, p.18. 
Carpenter, B.M., Saffer, D.M. and Marone, C., 2012. Frictional properties and sliding 
stability of the San Andreas fault from deep drill core. Geology, 40(8), pp.759-762. 
Cheng, Y., Ross, Z. E., & Ben-Zion, Y., 2018. Diverse Volumetric Faulting Patterns in 
the San Jacinto Fault Zone. Journal of Geophysical Research: Solid Earth, 123(6), 
5068–5081. https://doi.org/10.1029/2017JB015408 
Christensen, Nikolas I., and Walter D. Mooney, 1995, Seismic velocity structure and 
composition of the continental crust: A global view: Journal of Geophysical 
Research: Solid Earth, 100.B6, p.9761-9788. 
Cooke, Michele L., and Laura C. Dair, 2011, Simulating the Recent Evolution of the 
Southern Big Bend of the San Andreas Fault, Southern California: Journal of 
Geophysical Research: Solid Earth v.116, https://doi.org/10.1029/2010JB007835. 
Cooke, M.L. and Madden, E.H., 2014. Is the Earth lazy? A review of work minimization 
in fault evolution. Journal of Structural Geology, 66, pp.334-346. 
  148 
Cooke, M.L. and Murphy, S., 2004. Assessing the work budget and efficiency of fault 
systems using mechanical models. Journal of Geophysical Research: Solid 
Earth, 109(B10). 
Cooke, M.L., Schottenfeld, M.T. and Buchanan, S.W., 2013, Evolution of fault efficiency 
at restraining bends within wet kaolin analog experiments: Journal of Structural 
Geology, 51, pp.180-192. 
Cooke, M.L. and van der Elst, N.J., 2012. Rheologic testing of wet kaolin reveals 
frictional and bi‐viscous behavior typical of crustal materials. Geophysical Research 
Letters, 39(1). 
Craig, N., Leonardo, S., Patrick, W., & R., S. L., 1986. Seismic evidence for conjugate 
slip and block rotation within the San Andreas Fault System, southern California. 
Tectonics, 5(4), 629–648. https://doi.org/10.1029/TC005i004p00629 
Crider, J.G. and Pollard, D.D., 1998. Fault linkage: Three‐dimensional mechanical 
interaction between echelon normal faults. Journal of Geophysical Research: Solid 
Earth, 103(B10), pp.24373-24391. 
Crouch, S.L., Starfield, A.M., 1990, Boundary Element Methods in Solid Mechanics. 
Unwin Hyman, Boston. 
Dawers, Nancye H., and Mark H. Anders, 1995, Displacement-Length Scaling and Fault 
Linkage: Journal of Structural Geology v.17, p.607 614. 
https://doi.org/10.1016/0191-8141(94)00091-D. 
DeGroot, D.J. and Lunne, T., 2007. Measurement of Remoulded Shear 
Strength. Norwegian Geotechnical Institute. Report, pp.20061023-1. 
DeMets, Charles, Richard G. Gordon, and Donald F. Argus, 2010, Geologically current 
plate motions: Geophysical Journal International 181.1, p.1-80. 
Del Castello, M. and Cooke, M.L., 2007. Underthrusting‐accretion cycle: Work budget as 
revealed by the boundary element method. Journal of Geophysical Research: Solid 
Earth, 112(B12). 
Dempsey, D., Ellis, S., Archer, R. and Rowland, J., 2012. Energetics of normal 
earthquakes on dip-slip faults. Geology, 40(3), pp.279-282. 
Di Toro, Giulio, et al, 2006, Relating high‐velocity rock‐friction experiments to 
coseismic slip in the presence of melts: Earthquakes: radiated energy and the physics 
of faulting, p.121-134. 
Dibblee, T.W., Jr., 1964, Geologic map of the San Gorgonio Mountain quadrangle San 
Bernardino and Riverside Counties, California: U.S. Geological Survey 
Miscellaneous Geologic Investigations Map I-431, 3 p. pamphlet, 1 sheet, scale 
1:62,500. 
  149 
Dibblee, T.W., Jr., 1967, Geologic map of the Morongo Valley quadrangle San 
Bernardino and Riverside Counties, California: U.S. Geological Survey 
Miscellaneous Geologic Investigations Map I-517, 4 p. pamphlet, 1 sheet, scale 
1:62,500. 
Douilly, R., Oglesby, D.D., Cooke, M.L. and Beyer, J.L., 2017, December. Dynamic 
Models of Earthquake Rupture along branch faults of the Eastern San Gorgonio Pass 
Region in CA using Complex Fault Structure. In AGU Fall Meeting Abstracts. 
Du, Y. and Aydin, A., 1993. The maximum distortional strain energy density criterion for 
shear fracture propagation with applications to the growth paths of en echelon 
faults. Geophysical Research Letters, 20(11), pp.1091-1094. 
Duan, B. and Oglesby, D.D., 2005. Multicycle dynamics of nonplanar strike‐slip 
faults. Journal of Geophysical Research: Solid Earth, 110(B3). 
Duan, B. and Oglesby, D.D., 2006. Heterogeneous fault stresses from previous 
earthquakes and the effect on dynamics of parallel strike‐slip faults. Journal of 
Geophysical Research: Solid Earth, 111(B5). 
Duan, B. and Oglesby, D.D., 2007. Nonuniform prestress from prior earthquakes and the 
effect on dynamics of branched fault systems. Journal of Geophysical Research: 
Solid Earth, 112(B5). 
Elliott, A.J., Oskin, M.E., Liu-zeng, J. and Shao, Y.X., 2018. Persistent rupture 
terminations at a restraining bend from slip rates on the eastern Altyn Tagh Fault: 
Tectonophysics. 
Fattaruso, Laura A., Michele L. Cooke, and Rebecca J. Dorsey, 2014, Sensitivity of 
Uplift Patterns to Dip of the San Andreas Fault in the Coachella Valley, California: 
Geosphere v.10, p.1235p1246. https://doi.org/10.1130/GES01050.1. 
Fattaruso, Laura A., Michele L. Cooke, Rebecca J. Dorsey, and Bernard A. Housen, 
2016, Response of Deformation Patterns to Reorganization of the Southern San 
Andreas Fault System since ca. 1.5 Ma: Tectonophysics, Special issue on Tectonics of 
oblique plate boundary systems, p.474–488. 
https://doi.org/10.1016/j.tecto.2016.05.035. 
Fay, Noah P., and Eugene D. Humphreys, 2005, Fault Slip Rates, Effects of Elastic 
Heterogeneity on Geodetic Data, and the Strength of the Lower Crust in the Salton 
Trough Region, Southern California: SALTON TROUGH KINEMATICS: Journal of 
Geophysical Research: Solid Earth v.110. https://doi.org/10.1029/2004JB003548. 
Fialko, Y., 2006. Interseismic strain accumulation and the earthquake potential on the 
southern San Andreas fault system. Nature, 441(7096), 968–971. 
https://doi.org/10.1038/nature04797 
  150 
Field, E.H., Arrowsmith, R.J., Biasi, G.P., Bird, P., Dawson, T.E., Felzer, K.R., Jackson, 
D.D., Johnson, K.M., Jordan, T.H., Madden, C. and Michael, A.J., 2014. Uniform 
California earthquake rupture forecast, version 3 (UCERF3)—The time‐independent 
model. Bulletin of the Seismological Society of America, 104(3), pp.1122-1180. 
Fitzgerald, P.G., Roeske, S.M., Benowitz, J.A., Riccio, S.J., Perry, S.E. and Armstrong, 
P.A., 2014. Alternating asymmetric topography of the Alaska range along the strike‐
slip Denali fault: Strain partitioning and lithospheric control across a terrane suture 
zone. Tectonics, 33(8), pp.1519-1533. 
Fosdick, J.C. and Blisniuk, K., 2018. Sedimentary signals of recent faulting along an old 
strand of the San Andreas Fault, USA. Scientific reports, 8(1), p.12132. 
Fuis, Gary S., Klaus Bauer, Mark R. Goldman, Trond Ryberg, Victoria E. Langenheim, 
Daniel S. Scheirer, Michael J. Rymer, et al., 2017, Subsurface Geometry of the San 
Andreas Fault in Southern California: Results from the Salton Seismic Imaging 
Project (SSIP) and Strong Ground Motion Expectations:  Bulletin of the 
Seismological Society of America. https://doi.org/10.1785/0120160309. 
Fulton, P.M., Brodsky, E.E., Kano, Y., Mori, J., Chester, F., Ishikawa, T., Harris, R.N., 
Lin, W., Eguchi, N. and Toczko, S., 2013. Low coseismic friction on the Tohoku-Oki 
fault determined from temperature measurements. Science, 342(6163), pp.1214-1217. 
Fumal, T.E., Rymer, M.J. and Seitz, G.G., 2002. Timing of large earthquakes since AD 
800 on the Mission Creek strand of the San Andreas fault zone at Thousand Palms 
Oasis, near Palm Springs, California. Bulletin of the Seismological Society of 
America, 92(7), pp.2841-2860. 
Gabrielov, A., Keilis-Borok, V. and Jackson, D.D., 1996. Geometric incompatibility in a 
fault system. Proceedings of the National Academy of Sciences, 93(9), pp.3838-3842. 
Goebel, T.H.W., Hauksson, E., Shearer, P.M. and Ampuero, J.P., 2015. Stress-drop 
heterogeneity within tectonically complex regions: a case study of San Gorgonio 
Pass, southern California. Geophysical Journal International, 202(1), pp.514-528. 
Gold, Peter O., Whitney M. Behr, Dylan Rood, Warren D. Sharp, Thomas K. Rockwell, 
Katherine Kendrick, and Aaron Salin, 2015, Holocene Geologic Slip Rate for the 
Banning Strand of the Southern San Andreas Fault, Southern California: Journal of 
Geophysical Research: Solid Earth v.120. https://doi.org/10.1002/2015JB012004. 
Goldsby, David L., and Terry E. Tullis, 2011, Flash heating leads to low frictional 
strength of crustal rocks at earthquake slip rates: Science 334.6053, p.216-218. 
Gomez, F., Nemer, T., Tabet, C., Khawlie, M., Meghraoui, M. and Barazangi, M., 2007. 
Strain partitioning of active transpression within the Lebanese restraining bend of the 
Dead Sea Fault (Lebanon and SW Syria). Geological Society, London, Special 
Publications, 290(1), pp.285-303. 
  151 
Hardebeck, J. L., 2014. The impact of static stress change, dynamic stress change, and 
the background stress on aftershock focal mechanisms. Journal of Geophysical 
Research: Solid Earth, 119(11), 8239–8266. 
Hardebeck, J.L. and Hauksson, E., 2001. Crustal stress field in southern California and its 
implications for fault mechanics. Journal of Geophysical Research: Solid 
Earth, 106(B10), pp.21859-21882. 
Harris, R. A., 2017. Large earthquakes and creeping faults. Reviews of Geophysics, 55(1), 
169–198. https://doi.org/10.1002/2016RG000539 
Harris, R. A., Barall, M., Archuleta, R., E. Dunham, E., Aagaard, B., Ampuero, J. P., et 
al., 2009. The SCEC/USGS Dynamic Earthquake Rupture Code Verification 
Exercise. Seismological Research Letters, 80(1), 119–126. Retrieved from 
http://dx.doi.org/10.1785/gssrl.80.1.119 
Harris, R.A. and Day, S.M., 1999. Dynamic 3D simulations of earthquakes on en echelon 
faults. Geophysical Research Letters, 26(14), pp.2089-2092 
Hart, E.W., Bryant, W.A., and J.A. Treiman, 1993. Surface faulting associated with the 
June 1992 Landers earthquake, California. Calif. Geol. 46, pp.10-16. 
Hatch, J.L. and Cooke, M.L., 2018, December. Effects of Rheology on the Spatial and 
Temporal Variations in Deformation within Oblique Strike-Slip Systems. In AGU 
Fall Meeting Abstracts. 
Hatem, A.E., Cooke, M.L. and Madden, E.H., 2015. Evolving efficiency of restraining 
bends within wet kaolin analog experiments. Journal of Geophysical Research: Solid 
Earth, 120(3), pp.1975-1992. 
Hatem, A.E., Cooke, M.L. and Toeneboehn, K., 2017. Strain localization and evolving 
kinematic efficiency of initiating strike-slip faults within wet kaolin 
experiments. Journal of Structural Geology, 101, pp.96-108. 
Hauksson, E., Yang, W., & Shearer, P. M., 2012. Waveform relocated earthquake catalog 
for Southern California (1981 to June 2011). Bulletin of the Seismological Society of 
America, 102(5), 2239–2244. https://doi.org/10.1785/0120120010 
Heermance, Richard V., and Doug Yule, 2017, Holocene Slip Rates along the San 
Andreas Fault System in the San Gorgonio Pass and Implications for Large 
Earthquakes in Southern California: San Gorgonio Pass Fault Slip Rates: Geophysical 
Research Letters v.44, p.5391–5400. https://doi.org/10.1002/2017GL072612. 
Heidbach, O., Tingay, M., Barth, A., Reinecker, J., Kurfeß, D., & Müller, B., 2010. 
Global crustal stress pattern based on the World Stress Map database release 2008. 
Tectonophysics, 482(1), 3–15. 
https://doi.org/https://doi.org/10.1016/j.tecto.2009.07.023 
  152 
Herbert, Justin W., and Michele L. Cooke, 2012, Sensitivity of the Southern San Andreas 
Fault System to Tectonic Boundary Conditions and Fault Configurations: Bulletin of 
the Seismological Society of America v.102, p.2046–2062. 
https://doi.org/10.1785/0120110316. 
Herbert, Justin W., Michele L. Cooke, and Scott T. Marshall, 2014a, Influence of Fault 
Connectivity on Slip Rates in Southern California: Potential Impact on Discrepancies 
between Geodetic Derived and Geologic Slip Rates: Journal of Geophysical 
Research: Solid Earth v.119, p.2342–2361. https://doi.org/10.1002/2013JB010472. 
Herbert, Justin W., Michele L. Cooke, Michael Oskin, and Ohilda Difo, 2014b, How 
Much Can Off-Fault Deformation Contribute to the Slip Rate Discrepancy within the 
Eastern California Shear Zone?: Geology v.42, p.71–75. 
https://doi.org/10.1130/G34738.1. 
Janecke, Susanne U., Rebecca J. Dorsey, David Forand, Alexander N. Steely, Stefan M. 
Kirby, Andrew T. Lutz, Bernard A. Housen, Benjamin Belgarde, Victoria E. 
Langenheim, and Tammy M. Rittenour, 2011, High Geologic Slip Rates since Early 
Pleistocene Initiation of the San Jacinto and San Felipe Fault Zones in the San 
Andreas Fault System: Southern California, USA: Geological Society of America 
Special Papers. https://doi.org/10.1130/2010.2475. 
Johnson, K. M., 2013. Slip rates and off-fault deformation in Southern California inferred 
from GPS data and models. Journal of Geophysical Research: Solid Earth, 118(10), 
5643–5664. https://doi.org/10.1002/jgrb.50365 
Kame, N., Rice, J.R. and Dmowska, R., 2003. Effects of prestress state and rupture 
velocity on dynamic fault branching. Journal of Geophysical Research: Solid 
Earth, 108(B5). 
Kase, Yuko, and Keiko Kuge, 2001, Rupture Propagation beyond Fault Discontinuities: 
Significance of Fault Strike and Location: Geophysical Journal International v.147, 
p.330–342. https://doi.org/10.1046/j.1365-246X.2001.00533.x. 
Kendrick, K.J., D. Morton, S. Wells, and R. Simpson, 2002, Spatial and temporal 
deformation along the northern San Jacinto fault, Southern California: implications 
for slip rates: Bulletin of the Seismological Society of America, v.92, 
doi:10.1130/0016-7606(1982)93<46:TGOTSA>2.0.CO;2. 
Kendrick, K.J. and Fumal, T.E., 2005, October. Paleoseismicity of the northern San 
Jacinto fault, Colton and San Bernardino, southern California; preliminary results. 
In 2005 Salt Lake City Annual Meeting. 
Kendrick, K. J., J. C. Matti, and S. A. Mahan, 2015, Late Quaternary Slip History of the 
Mill Creek Strand of the San Andreas Fault in San Gorgonio Pass, Southern 
California: The Role of a Subsidiary Left-Lateral Fault in Strand Switching: GSA 
Bulletin v.127, p.825,849. https://doi.org/10.1130/B31101.1. 
  153 
King, G.C., Stein, R.S. and Lin, J., 1994. Static stress changes and the triggering of 
earthquakes. Bulletin of the Seismological Society of America, 84(3), pp.935-953. 
Li, H., Xue, L., Brodsky, E.E., Mori, J.J., Fulton, P.M., Wang, H., Kano, Y., Yun, K., 
Harris, R.N., Gong, Z. and Li, C., 2015. Long-term temperature records following the 
Mw 7.9 Wenchuan (China) earthquake are consistent with low 
friction. Geology, 43(2), pp.163-166. 
Li, Q., Liu, M. and Zhang, H., 2009. A 3-D viscoelastoplastic model for simulating long-
term slip on non-planar faults. Geophysical Journal International, 176(1), pp.293-
306. 
Lin, G., Shearer, P.M., Hauksson, E. and Thurber, C.H., 2007. A three‐dimensional 
crustal seismic velocity model for southern California from a composite event 
method: Journal of Geophysical Research: Solid Earth, 112(B11). 
Liu, M., Wang, H. and Li, Q., 2010. Inception of the eastern California shear zone and 
evolution of the Pacific‐North American plate boundary: From kinematics to 
geodynamics. Journal of Geophysical Research: Solid Earth, 115(B7). 
Loveless, J.P. and Meade, B.J., 2011. Stress modulation on the San Andreas fault by 
interseismic fault system interactions. Geology, 39(11), pp.1035-1038. 
Lozos, J.C., Oglesby, D.D., Brune, J.N. and Olsen, K.B., 2012. Small intermediate fault 
segments can either aid or hinder rupture propagation at stepovers. Geophysical 
Research Letters, 39(18). 
Lozos, J.C., 2016. A case for historic joint rupture of the San Andreas and San Jacinto 
faults. Science advances, 2(3), p.e1500621. 
Madden, E.H. and Pollard, D.D., 2012. Integration of surface slip and aftershocks to 
constrain the 3D structure of faults involved in the M 7.3 Landers earthquake, 
Southern California. Bulletin of the Seismological Society of America, 102(1), pp.321-
342. 
Maerten, L., Willemse, E.J., Pollard, D.D. and Rawnsley, K., 1999. Slip distributions on 
intersecting normal faults. Journal of Structural Geology, 21(3), pp.259-272. 
Marshall, Scott T., Michele L. Cooke, and Susan E. Owen, 2009, Interseismic 
Deformation Associated with Three-Dimensional Faults in the Greater Los Angeles 
Region, California: Journal of Geophysical Research v.114. 
https://doi.org/10.1029/2009JB006439. 
Masek, J.G. and Duncan, C.C., 1998. Minimum‐work mountain building. Journal of 
Geophysical Research: Solid Earth, 103(B1), pp.907-917. 
  154 
Matti, Jonathan C., B.F. Cox, and S.R. Iverson, 1983, Mineral resource potential map of 
the Raywood Flat Roadless Areas, San Bernardino and Riverside Counties, 
California: U.S. Geological Surey Miscellaneous Field Studies Map MF-1563-A, 
scale 1:62,500. 
Matti, Jonathan C., D.M. Morton, and B.F. Cox, 1985, Distribution and geologic relations 
of fault systems in the vicinity of the central Transverse Ranges, southern California: 
U.S. Geological Survey Open-File Report 85-365, 27p., scale 1:250,000. 
Matti, Jonathan C., Douglas M. Morton, and Brett F. Cox, 1992, The San Andreas Fault 
System in the Vicinity of the Central Transverse Ranges Province, Southern 
California: USGS Numbered Series. Open-File Report. U.S. Geological Survey. 
http://pubs.er.usgs.gov/publication/ofr92354. 
Matti, Jonathan C., and Douglas M. Morton, 1993, Paleogeographic Evolution of the San 
Andreas Fault in Southern California: A Reconstruction Based on a New Cross-Fault 
Correlation: Geological Society of America Memoirs, v.178, p.107–160. 
https://doi.org/10.1130/MEM178-p107. 
McBeck, J., 2017. A New Paradigm for Predicting Fracture Growth, Interaction and 
Linkage: Faulting in Numerical and Physical Experiments with Work Optimization. 
McBurnett, Paul, 2011, Paleoseismicity of the San Gorgonio Pass fault zone at Millard 
Canyon: Testing the likelihood of a through-going San Andreas rupture, PhD Diss. 
California State University, Northridge. 
McClay, K. and Bonora, M., 2001. Analog models of restraining stepovers in strike-slip 
fault systems. AAPG bulletin, 85(2), pp.233-260. 
McGill, S., Dergham, S., Barton, K., Berney-Ficklin, T., Grant, D., Hartling, C., Hobart, 
K., Minnich, R., Rodriguez, M., Runnerstrom, E. and Russell, J., 2002. 
Paleoseismology of the San Andreas fault at Plunge Creek, near San Bernardino, 
southern California. Bulletin of the Seismological Society of America, 92(7), pp.2803-
2840. 
McGill, S., Weldon, R., and Owen, L., 2010, Latest Plesitocene slip rates along the San 
Bernardino strand of the San Andreas fault: Abstracts with Programs - Geological 
Society of America. 
McGill, Sally F., Lewis A. Owen, Ray J. Weldon, and Katherine J. Kendrick, 2013, 
Latest Pleistocene and Holocene Slip Rate for the San Bernardino Strand of the San 
Andreas Fault, Plunge Creek, Southern California: Implications for Strain 
Partitioning within the Southern San Andreas Fault System for the Last ∼35 k.Y.: 
GSA Bulletin v.125, p.48–72. https://doi.org/10.1130/B30647.1. 
  155 
McGill, Sally F., Joshua C. Spinler, John D. McGill, Richard A. Bennett, Michael A. 
Floyd, Joan E. Fryxell, and Gareth J. Funning, 2015, Kinematic Modeling of Fault 
Slip Rates Using New Geodetic Velocities from a Transect across the Pacific-North 
America Plate Boundary through the San Bernardino Mountains, California: Journal 
of Geophysical Research: Solid Earth v.120. https://doi.org/10.1002/2014JB011459. 
McPhillips, D. and Scharer, K.M., 2018. Quantifying uncertainty in cumulative surface 
slip along the Cucamonga Fault, a crustal thrust fault in southern California. Journal 
of Geophysical Research: Solid Earth, 123(10), pp.9063-9083. 
Meade, Brendan J., and Bradford H. Hager, 2005, Block Models of Crustal Motion in 
Southern California Constrained by GPS Measurements: Journal of Geophysical 
Research: Solid Earth v.110. https://doi.org/10.1029/2004JB003209. 
Mitra, G. and Boyer, S.E., 1986. Energy balance and deformation mechanisms of 
duplexes. Journal of Structural Geology, 8(3-4), pp.291-304. 
Morelan, A. E., III, M. E. Oskin, and M. Valentine, 2016, Activity of the Mill Creek and 
Mission Creek Fault Strands of the San Andreas Fault through the San Gorgonio 
Pass: AGU Fall Meeting Abstracts. 
http://adsabs.harvard.edu/abs/2016AGUFM.T33D..07M. 
Morton, D.M., and J.C. Matti, 1987, The Cucamonga Fault Zone: Geologic setting and 
Quaternary history in Recent Reverse Faulting in the Transverse Ranges, California, 
edited by D.M. Morton and R.F. Yerkes, U.S. Geological Survey Professional Paper, 
p.179-203. 
Munoz, J. J., W. M. Behr, W. D. Sharp, R. Fryer, and P. O. Gold, 2016, Holocene 
Geologic Slip Rate for the Mission Creek Strand of the Southern San Andreas Fault, 
Northern Coachella Valley, CA: AGU Fall Meeting Abstracts. 
http://adsabs.harvard.edu/abs/2016AGUFM.T41B2923M. 
Nabavi, S.T., Alavi, S.A., Mohammadi, S., Ghassemi, M.R. and Frehner, M., 2017. 
Analysis of transpression within contractional fault steps using finite-element 
method. Journal of Structural Geology, 96, pp.1-20. 
Nevitt, J.M., Pollard, D.D. and Warren, J.M., 2014. Evaluation of transtension and 
transpression within contractional fault steps: Comparing kinematic and mechanical 
models to field data. Journal of Structural Geology, 60, pp.55-69 
Nicholson, C., Plesch, A., Sorlien, C., Shaw, J., & Hauksson, E., 2013. Updating the 3D 
fault set for the Community Fault Model (CFM-v4) and revising its associated fault 
database. In Southern California Earthquake Center annual meeting. 
Nicholson, C., Plesch, A., & Shaw, J. H., 2017, Community Fault Model Version 5.2: 
Updating & expanding the CFM 3D fault set and its associated fault database: Poster 
Presentation at 2017 SCEC Annual Meeting. 
  156 
Oglesby, D.D., Day, S.M. and O'Connell, D.R., 2003. Dynamic and static interaction of 
two thrust faults: A case study with general implications. Journal of Geophysical 
Research: Solid Earth, 108(B10). 
Oglesby, David D, 2005, The Dynamics of Strike-Slip Step-Overs with Linking Dip-Slip 
Faults: Bulletin of the Seismological Society of America v.95, p.1604–1622. 
https://doi.org/10.1785/0120050058. 
Onderdonk, N.W., Rockwell, T.K., McGill, S.F. and Marliyani, G.I., 2013. Evidence for 
seven surface ruptures in the past 1600 years on the Claremont fault at Mystic Lake, 
northern San Jacinto fault zone, California. Bulletin of the Seismological Society of 
America, 103(1), pp.519-541. 
Onderdonk, Nathan W., Sally F. McGill, and Thomas K. Rockwell, 2015, Short-Term 
Variations in Slip Rate and Size of Prehistoric Earthquakes during the Past 2000 
Years on the Northern San Jacinto Fault Zone, a Major Plate-Boundary Structure in 
Southern California: Lithosphere v.7, p.211–234. https://doi.org/10.1130/L393.1. 
Onderdonk, N., McGill, S. and Rockwell, T., 2018. A 3700 yr paleoseismic record from 
the northern San Jacinto fault and implications for joint rupture of the San Jacinto and 
San Andreas faults. Geosphere, 14(6), pp.2447-2468. 
Oppenheimer, D. H., 1990. Aftershock slip behavior of the 1989 Loma Prieta, California 
earthquake. Geophysical Research Letters, 17(8), 1199–1202. 
Orozco, Arturo A., 2004, Offset of a mid-Holocene alluvial fan near Banning, CA: 
Constraints on the slip rate of the San Bernardino strand of the San Andreas Fault: 
PhD diss., California State University, Northridge. 
Oskin, Michael, Lesley Perg, Eitan Shelef, Michael Strane, Emily Gurney, Brad Singer, 
and Xifan Zhang, 2008, Elevated Shear Zone Loading Rate during an Earthquake 
Cluster in Eastern California: Geology v.36, p.507–510. 
https://doi.org/10.1130/G24814A.1. 
Philibosian, Belle, Thomas Fumal, and Ray Weldon, 2011, San Andreas Fault 
Earthquake Chronology and Lake Cahuilla History at Coachella, CaliforniaSan 
Andreas Fault Earthquake Chronology and Lake Cahuilla History at Coachella, 
California: Bulletin of the Seismological Society of America v.101, p.13–38. 
https://doi.org/10.1785/0120100050. 
Platt, John P., and Thorsten W. Becker, 2010, Where is the real transform boundary in 
California?: Geochemistry, Geophysics, Geosystems 11.6. 
Plesch, Andreas, John H. Shaw, Christine Benson, William A. Bryant, Sara Carena, 
Michele Cooke, James Dolan, et al., 2007, Community Fault Model (CFM) for 
Southern California: Bulletin of the Seismological Society of America v.97, p.1793–
1802. https://doi.org/10.1785/0120050211. 
  157 
Pollitz, F.F. and Sacks, I.S., 2002. Stress triggering of the 1999 Hector Mine earthquake 
by transient deformation following the 1992 Landers earthquake. Bulletin of the 
Seismological Society of America, 92(4), pp.1487-1496. 
Porter, Keith, Lucile Jones, Dale Cox, James Goltz, Ken Hudnut, Dennis Mileti, Sue 
Perry, et al., 2011, The ShakeOut Scenario: A Hypothetical Mw7.8 Earthquake on the 
Southern San Andreas Fault: Earthquake Spectra v.27, p.239–261. 
https://doi.org/10.1193/1.3563624. 
Prentice, C.S., Weldon, R.J., Sieh, K., 1986, Distribution of Slip Between the San 
Andreas and San Jacinto faults near San Bernardino, Southern California: Abstracts 
with Programs - Geological Society of America. 
Resor, P. G., Cooke, M. L., Marshall, S. T., & Madden, E. H., 2018. Influence of Fault 
Geometry on the Spatial Distribution of Long‐Term Slip with Implications for 
Determining Representative Fault‐Slip Rates. Bulletin of the Seismological Society of 
America, XX(Xx). https://doi.org/10.1785/0120170332 
Richards‐Dinger, K. and Dieterich, J.H., 2012. RSQSim earthquake 
simulator. Seismological Research Letters, 83(6), pp.983-990. 
Rockwell, T., C. Loughman, and P. Merifield, 1990, Late Quaternary rate of slip along 
the San Jacinto fault zone near Anza, Southern California: Journal of Geophysical 
Research, v.95, doi:10.1029/JB095iB06p08593. 
Rockwell, T.K., Dawson, T.E., Ben-Horin, J.Y. and Seitz, G., 2015. A 21-event, 4,000-
year history of surface ruptures in the Anza seismic gap, San Jacinto Fault, and 
implications for long-term earthquake production on a major plate boundary 
fault. Pure and Applied Geophysics, 172(5), pp.1143-1165. 
Rockwell, T.K., Meltzner, A.J. and Haaker, E.C., 2018. Dates of the Two Most Recent 
Surface Ruptures on the Southernmost San Andreas Fault Recalculated by Precise 
Dating of Lake Cahuilla Dry Periods. Bulletin of the Seismological Society of 
America, 108(5A), pp.2634-2649. 
Ross, Z. E., Hauksson, E., & Ben-Zion, Y., 2017. Abundant off-fault seismicity and 
orthogonal structures in the San Jacinto fault zone. Science Advances, 3(3). 
https://doi.org/10.1126/sciadv.1601946 
Ryan, K. J., Geist, E. L., Barall, M., & Oglesby, D. D., 2015. Dynamic models of an 
earthquake and tsunami offshore Ventura, California. Geophysical Research Letters, 
42(16), 6599–6606. https://doi.org/10.1002/2015GL064507 
Scharer, K. M., K. Blisniuk, W. D. Sharp, and S. M. Mudd, 2015, Slip Transfer and the 
Growth of the Indio and Edom Hills, Southern San Andreas Fault: AGU Fall Meeting 
Abstracts. http://adsabs.harvard.edu/abs/2015AGUFM.T51H..07S. 
  158 
Scharer, Katherine M., Glenn P. Biasi, Ray J. Weldon, and Tom E. Fumal, 2010, Quasi-
Periodic Recurrence of Large Earthquakes on the Southern San Andreas Fault: 
Geology v.38, p.555–558. https://doi.org/10.1130/G30746.1. 
Seitz, G., Weldon II, R. and Biasi, G.P., 1997. The Pitman Canyon paleoseismic record: 
A re-evaluation of southern San Andreas fault segmentation. Journal of 
Geodynamics, 24(1-4), pp.129-138. 
Sharp, Robert V., 1981, Variable Rates of Late Quaternary Strike Slip on the San Jacinto 
Fault Zone, Southern California: Journal of Geophysical Research: Solid Earth v.86, 
p.1754–1762. https://doi.org/10.1029/JB086iB03p01754. 
Sieh, K.E., 1986. Slip rate across the San Andreas fault and prehistoric earthquakes at 
Indio, California. Eos Trans. AGU, 67(44), p.1200. 
Sieh, K.E. and Williams, P.L., 1990. Behavior of the southernmost San Andreas fault 
during the past 300 years. Journal of Geophysical Research: Solid Earth, 95(B5), 
pp.6629-6645. 
Sieh, K., Jones, L., Hauksson, E., Hudnut, K., Eberhart-Phillips, D., Heaton, T., Hough, 
S., Hutton, K., Kanamori, H., Lilje, A. and Lindvall, S., 1993. Near-field 
investigations of the Landers earthquake sequence, April to July 
1992. Science, 260(5105), pp.171-176. 
Simpson, R.W., 1997. Quantifying Anderson's fault types. Journal of Geophysical 
Research: Solid Earth, 102(B8), pp.17909-17919. 
Smith, B.R. and Sandwell, D.T., 2006. A model of the earthquake cycle along the San 
Andreas Fault System for the past 1000 years. Journal of Geophysical Research: 
Solid Earth, 111(B1). 
Smith‐Konter, B. and Sandwell, D., 2009. Stress evolution of the San Andreas fault 
system: Recurrence interval versus locking depth. Geophysical Research 
Letters, 36(13). 
Smith-Konter, B. R., Sandwell, D. T., & Shearer, P., 2011. Locking depths estimated 
from geodesy and seismology along the San Andreas Fault System: Implications for 
seismic moment release. Journal of Geophysical Research: Solid Earth, 116(6), 1–12. 
https://doi.org/10.1029/2010JB008117 
Spotila, James A., Kenneth A. Farley, J. Douglas Yule, and Peter W. Reiners, 2001, 
Near-Field Transpressive Deformation along the San Andreas Fault Zone in Southern 
California, Based on Exhumation Constrained by (U-Th)/He Dating: Journal of 
Geophysical Research: Solid Earth v. 106, p.30909–30922. 
https://doi.org/10.1029/2001JB000348. 
Stein, R.S., 1999. The role of stress transfer in earthquake occurrence. Nature, 402(6762), 
p.605. 
  159 
Stern, Aviel., 2016, Fault Interaction within Restraining Bend Fault Systems: Masters 
Theses, University of Massachusetts, Amherst. 
http://scholarworks.umass.edu/masters_theses_2/449. 
Survey, U. S. G., & Survey, C. G., 2006. Quaternary fault and fold database for the 
United States. Retrieved July 20, 2001, from 
http//earthquake.usgs.gov/hazards/qfaults/ 
Tarnowski, Jennifer Mary, 2017, The Effects of Dynamic Stress on Fault Interaction and 
Earthquake Triggering in the San Gorgonio Pass and San Jacinto, CA Regions: PhD 
diss., University of California, Riverside. 
Thomas, A.L., 1993, Poly3D: A Three-dimensional, Polygonal Element, Displacement 
Discontinuity Boundary Element Computer Program with Applications to Fractures, 
Faults, and Cavities in the Earth's crust: Masters Thesis, Stanford University, Stanford 
CA. 
Titus, S. J., Dyson, M., DeMets, C., Tikoff, B., Rolandone, F., & Bürgmann, R., 2011. 
Geologic versus geodetic deformation adjacent to the San Andreas fault, central 
California. Bulletin of the Geological Society of America, 123(5), 794–820. 
https://doi.org/10.1130/B30150.1 
Toeneboehn, K., Cooke, M.L., Bemis, S. and Fendick, A.M., 2018. Stereovision 
combined with Particle Tracking Velocimetry reveal advection and uplift within a 
restraining bend simulating the Denali fault. Frontiers in Earth Science, 6, p.152. 
Tong, X., Smith‐Konter, B. and Sandwell, D.T., 2014. Is there a discrepancy between 
geological and geodetic slip rates along the San Andreas Fault System?. Journal of 
Geophysical Research: Solid Earth, 119(3), pp.2518-2538. 
Wdowinski, S., 2009. Deep creep as a cause for the excess seismicity along the San 
Jacinto fault. Nature Geoscience, 2(12), 882–885. https://doi.org/10.1038/ngeo684 
Weldon, Ray J., and Kerry E. Sieh, 1985, Holocene Rate of Slip and Tentative 
Recurrence Interval for Large Earthquakes on the San Andreas Fault, Cajon Pass, 
Southern California: GSA Bulletin v.96, p.793–812. https://doi.org/10.1130/0016-
7606(1985)96<793:HROSAT>2.0.CO;2. 
Weldon, R.J., Fumal, T.E., Powers, T.J., Pezzopane, S.K., Scharer, K.M. and Hamilton, 
J.C., 2002. Structure and earthquake offsets on the San Andreas fault at the 
Wrightwood, California, paleoseismic site. Bulletin of the Seismological Society of 
America, 92(7), pp.2704-2725. 
Wells, Donald L., and Kevin J. Coppersmith, 1994, New Empirical Relationships among 
Magnitude, Rupture Length, Rupture Width, Rupture Area, and Surface 
Displacement: Bulletin of the Seismological Society of America v.84, p.974–1002. 
  160 
Wesnousky, Steven G, 2008, Displacement and Geometrical Characteristics of 
Earthquake Surface Ruptures: Issues and Implications for Seismic-Hazard Analysis 
and the Process of Earthquake Rupture: Bulletin of the Seismological Society of 
America v.98, p.1609–1632. https://doi.org/10.1785/0120070111. 
Wessel, P., W. H. F. Smith, R. Scharroo, J. Luis and F. Wobbe, 2013, Generic Mapping 
Tools: Improved Version Released: Eos Trans. AGU, v.94. 
Wiemer, S., & Wyss, M., 2000. Minimum magnitude of completeness in earthquake 
catalogs: Examples from Alaska, the Western United States, and Japan. Bulletin of 
the Seismological Society of America, 90(4), 859–869. 
https://doi.org/10.1785/0119990114 
Willemse, E.J. and Pollard, D.D., 1998. On the orientation and patterns of wing cracks 
and solution surfaces at the tips of a sliding flaw or fault. Journal of Geophysical 
Research: Solid Earth, 103(B2), pp.2427-2438. 
Willmott, C., S. Robeson, and K. Matsuura, 2017, Climate and Other Models May Be 
More Accurate than Reported, Eos, v.98, p.13-14. 
Wisely, Beth Ann, and David Schmidt, 2010, Deciphering vertical deformation and 
poroelastic parameters in a tectonically active fault-bound aquifer using InSAR and 
well level data, San Bernardino basin, California: Geophysical Journal 
International 181.3, p.1185-1200. 
Yagupsky, D.L., Brooks, B.A., Whipple, K.X., Duncan, C.C. and Bevis, M., 2014. 
Distribution of active faulting along orogenic wedges: Minimum-work models and 
natural analogue. Journal of Structural Geology, 66, pp.237-247. 
Yang, W., & Hauksson, E., 2013. The tectonic crustal stress field and style of faulting 
along the Pacific North America plate boundary in southern California. Geophysical 
Journal International, 194(1), 100–117. https://doi.org/10.1093/gji/ggt113 
Yang, Wenzheng, Egill Hauksson, and Peter M. Shearer, 2012, Computing a Large 
Refined Catalog of Focal Mechanisms for Southern California (1981–2010): 
Temporal Stability of the Style of Faulting: Bulletin of the Seismological Society of 
America v.102, p.1179–1194. https://doi.org/10.1785/0120110311. 
Yule, D. and Howland, C., 2001. A revised chronology of earthquakes produced by the 
San Andreas fault at Burro Flats, near Banning, California. In SCEC Annual Meeting, 
Proceedings and Abstracts. 
Yule, Doug, and Kerry Sieh, 2003, Complexities of the San Andreas Fault near San 
Gorgonio Pass: Implications for Large Earthquakes: Journal of Geophysical 
Research: Solid Earth v.108. https://doi.org/10.1029/2001JB000451. 
Yule, Doug, 2009, The Enigmatic San Gorgonio Pass: Geology v.37, p.191–192. 
https://doi.org/10.1130/focus022009.1. 
  161 
Yule, D., et al., 2014, Paleoseismology and Slip Rate of the San Andreas Fault System at 
San Gorgonio Pass: Abstracts with Programs - Geological Society of America. 
 
